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PREFACE 


In recent years, there has been a growing trend for secondar 
processing of liquid steel after melting and refining in primar 
steelmaking units, such as EAF and LD. Popularly, known as ‘Secondar 
Steelmaking' or ‘Ladle Metallurgy', such secondary processing ma 
include deoxidation, vacuum and argon treatment, powder inject! or 
composition and temperature adjustment etc. in ladles. 

The growing demand for better quality steels and more stringer 
quality control, is the reason behind development of secondar 
steel making processes, since primary steel making alone was found to I 
incapable of meeting such demand. Advent of continuous casting and it 
rapid growth as the dominant casting route are also inseparably link* 
with development of secondary steel making. 

In India, secondary steel making has so far been adopted only to 
limited extent. However it is going to come in a significant wj 
during the decade of 1990 s. ■ 

Also the last two decades or so have witnessed scientif; 
investigations and exploitation of scientific fundamentals on 
ever-increasing scale in the area of secondary steelmaking. As 
result, design, operation and control of these processes are no longi 
art in technologically advanced countries. , 

With the above background in niind,- it was decided to offer th: 
short-term course. Broadly, the text is divided into three part; 
Introduction, Scientific Fundamentals, and Secondary Steelmaki: 
Processes. It has some informations on the processes. However t; 
emphasis is on fundamentals and their application to processes, 
believe that as the Indian steel plants are moving towards large-sca 
adoption of secondary steelmaking, it is simultaneously necessary 
assimilate, collate and disseminate process fundamentals for succe 
of modernization program, and this is where academic institutes a 
expected to initiate efforts. 

A short-term course can hope to succeed only through enthusiast 
participation from Industry, R & D, Design organizations, a 
educational institutes. We wish to record our appreciation to vario 
participating organizations and the participants in this connection. 

We wish to thank our colleagues, Dr.S. P. Mehrotra, Dr.N.K. Batr 
and Dr . S. C. Koria for agreeing to give some lectures in th 
course. Thanks are due to Shri B. D. Biswas for typing the manuscrip 
Shri S. K. Chaudhary for his assistance in processing of manuscrip 
and Sliri A. Sharma and Shri D. P. Tripathy for miscellanec 
assistance. It is not possible to mention individually many others 
have also contributed to this endeavour. 

Lastly we wish to thank our institute administration for the 
permission to conduct this course as well as for cooperation at 4 
stages. 


D. Mazumdar 


A. Ghosh 
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INTRODUCTION 



CHAPTER 1 


AN OVERVIEW OF SECONDARY STEELMAKING 

A. GHOSH 


1.1 INTRODUCTION 

Prior to 1950 or so, after the steel was made in furnaces such OLs 
Open Hearth, converter or electric furnace, its treatment in ladles 
was limited in scope and consisted of deoxidation, carburization by 
addition of coke or ferrocoke as required, and some minor alloying. 
However stringent demands on steel quality and consistency in its 
physical properties require controls which are beyond the capability 
of the steelmaking furnaces. This is specially true for superior 
quality steel products in sophisticated applications. This requirement 
has led to development of various kinds of treatment of liquid steel 
in ladles besides deoxidation. These have witnessed massive growth and 
as a result have come to be variously known as 'Secondary 
Steelmaking', 'Ladle Metallurgy*. The author personally prefers the 
name 'Secondary Processing of Liquid Steel*. and he has used it 
elsewhere (1). Secondary steelmaking has become an integral feature of 
modern steel plants. Advent of continuous casting process. which 
requires more stringent quality control is an added reason for growth 
of secondary steelmaking. Steelmaking in furnaces, also redesignated 
now as 'Primary Steelmaking*, is therefore being employed more and 
more for speedy scrap melting and gross refining only, leaving further 
refining and control to secondary steelmaking. 

Historically. Perrin process invented in 1955 is the forerunner 
of modern secondary steelmaking. Treatment of molten steel with 
synthetic slag was the approach. Vacuum degassing (VD) processes came 
in the decade of 1950-60. The initial objective was to lower hydrogen 
content of liquid steel in order to prevent cracks in large forging 
qualigty ingots. Later on. its objective also included lowering of 
nitrogen and oxygen contents. Purging with inert gas <Ar or N > in 
ladle using porous bricks or tuyeres <IGP> came later. Its primary 
objective was stirring with consequent homogenization of temperature 
and composition of melt. It offered the additional advantage of faster 
floating out of oxide particles. It was also found possible to lower 
carbon to a very low value in stainless steel by treatment of the melt 
with oxygen under vacuum or along with argon stream. This led to 
development of processes such as 'Vacuum-Oxygen Decarburization <V0D> ’ 
and 'Argon-Oxygen Decarburization <A0D)'. 

Synthetic slag treatment and powder injection processes of molten 
steel in ladle were started in late 60 S and early 70 S with the 
objective of lowering sulphur content of steel to a low level demanded 
by many applications. This led to the development of what is known as 
'Injection Metallurgy <IM)*. Injection of powders of calcium bearing 
reagents, typically calcium silicide, was also found to prevent nozzle 
clogging by A1 0 and lead to inclusion modification, which are of 
crucial importance in continuous casting as well as for better 
propert i es . 



In traditional pitside practice without ladle metallurgical 
operations, the temperature drop of molten steel from furnace to mould 
IS around 20-50 C. An additional temperature drop of 2-5°C per minute, 
i.e. about 20-40 C, occurs during secondary steelmaking. Continuous 
casting uses pouring through tundish causing some further drop of 
10-20 C. Therefore provisions for heating and temperature adjustment 
during secondary steelmaking are very desirable. This has led to the 
development of special furnaces such as vacuum arc degasser (VAD) , 
ladle furnace (LF), and ASEA-SKF ladle furnace. These are very 
versatile units capable of performing various operations. 

Table 1.1 summarizes the features of various processes. 

Table 1.1 

Various Secondary Sleelmaklng Processes and Iheir 
Capabililies C primarily from ref. 25 


Item Processes 



VD 

VOD 

IGP 

IM 

VAD 

LF 

ASEA-SKF 

Oesu 1 phur i zat i on 

minor 

mi nor 

minor 

yes 

yes 

yes 

yes 

Deox 1 dat i on 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

De car bur i zat i on 

minor 

yes 

no 

no 

no 

no 

yes 

Heat i ng 

no 

yes* 

no 

no 

yes 

yes 

* yes 

A1 loy ing 

minor 

yes 

minor 

minor 

yes 

yes 

yes 

Oegass i ng 

yes 

yes 

no 

no 

yes 

no 

yes 

Homogen i zat i on 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

Achieving more 
c 1 eanness 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

Inclusion modifi- 
cat i on 

no 

no 

minor 

yes 

yes 

yes 

yes 


* Chemical heating only 


1.2 TRENDS IN STEEL QUALITY DEMANDS 

With passage of time customers are demanding better and better 
quality steels, which means 

(a) less impurities, 

(b) more cleanness (i.e. freedom from inclusions), 

(c> more stringent quality control, 

<d> microalloying to impart better properties, for plain carbon 
and low alloy steels. 





The above demands, combined with other requirements such as : 

(a) need for cost reduction in view of competetion from 
polymers etc. 

(b> environmental pollution control, 
and (c) sort of stagnant World steel market, pose enormous 
challenge to steelmaking community. 

Changing demand on quality may be illustrated with the example of 
line pipe steel for North Sea gas (5>. 

Year Maximum percent element in steel 


C S P H N 0 


198? 0.04-0.06 O.OOZ 0.015 2x10“* 0.01 

1990 0.001 0.0015 0.0055 0.002 

long term S+O+P+N = 45 ppm 

Ramaswamy (4) has reviewed the subject, and has outlined some of 
the quality requirements of line pipe steel for sour gas applications, 
steels for off-shore platforms, bearing steels, steel for rod and wire 
industry, and for power plant rotors. Fig. 1.1 shows the trends in 
residuals attained by Japanese Steel Works. Obviously such lowering 
of impurities have been attained through secondary steelmaking. 

As shown in Table 1.1, all kinds of secondary steelmaking 
operations are capable of yielding steels with more cleanness. 
Inclusions are generally harmful to mechanical properties and 
corrosion resistance of steels. Choice of deoxidation practice 
combined with proper stirring is one of the measures to remove 
inclusions. However a more serious source of harmful inclusions <i.e. 
larger sizes) is erosion of refractory lining. Not only so, reaction 
of lining with melt is a source of impurity at such low impurity 
levels. Therefore, success of secondary steelmaking processes is 
intimately linked with development or use of newer refractory 
materials such as high alumina, zircon, magnesia, dolomite etc. 

The cleanness consciousness has gone to such an extent that 
trials are going on for filtering of molten steel through ceramic 
filters to remove non-metallic inclusions. The technique is still in 
experimental stage. 

Inclusion modification is one of the techniques to render 
inclusions less harmful to properties of steel. Injection of calcium 
into the melt is done for this purpose. Sometimes rare earths are also 
employed. 

1.3 SCIENTIFIC FUNDAMENTALS 

Application of scientific fundamentals is a contributing factor 
to such a progress of secondary steelmaking technology. This has been 
possible due to growth of applied sciences, including metallurgical 
sc i ences , and appl i cat i on of the same . 



Ghosh (?,6> has reviewed the subject. Laws of thermodynamics had 
been well laid out by the turn of the last century. However 
application of the same to high temperature systems had to wait for 
lack of thermochemical data. Collection of such data started on a 
modest scale by the beginning of this century. The pace accelerated as 
years went by, and it began in a really massive scale after the Second 
World War. By about 1970. fairly reliable data were available on most 
of the systems and reactions of interest in pyrometal lurgy . 

Equilibrium calculations of processes call for experimental data 
on activity vs. composition relationships in liquids which may broadly 
be grouped into metallic solutions, SiO based slag solution, etc. 
Most of these solutions are multicomponent. Development of 
metallurgical thermodynamics called for new techniques to handle them. 
Participation of renowned physical chemists besides metallurgists made 
these possible. 

Kinetics is a late comer as compared to thermodynamics of 
pyrometal lurgi cal reactions. Scientific investigations were started 
after 1950. However they picked up fast and for the last two decades 
it IS being pursued vigorously. As a result, kinetics of 
pyrometal lurgi cal reactions and processes is a subject in engineering 
science in its own right. Knowledge already available in chemical 
engineering has been instrumental in its development. 

It had been recognized several decades back that lack of proper 
mixing in liquid bath adversely affects efficiency of steelmaking 
processes. A large number of investigations have been carried out, 
especially in the last two decades, on mixing. Again, mixing, mass 
transfer and phase dispersions depend on fluid flow in the bath. Such 
a flow is turbulent in steelmaking processes. Turbulence is a very 
complex phenomenon. Scientists and engineers in a variety of 
disciplines are trying to solve complex problems involving turbulent 
flow. 


Experimental investigations on fluid flow and mixing at 
steelmaking temperatures are difficult. In this connection. water 
modelling <i.e. cold modelling or phys i cal mode 1 1 i ng) has contributed 
significantly to our understanding of these aspects. Here water 
typically simulates liquid metal. Transparent perspex or glass vessels 
allow flow visualization. Similarity criteria have been employed to 
various extents. 

Quantitative approach in the area of fluid flow, mixing and mass 
transfer is based on fluid mechanics especially that related to 
turbulent flow. Such computations involve computer-oriented numerical 
methods. Considerable advances have been made in this direction so 
much so that these are being employed for interpretation of results, 
design and predictions. 

1.4 PROCESS CONTROL 

A variety of process control measures are to be adopted if 
desirable benefits are to be obtained from secondary steelmaking. It 
is neither possible nor necessary to list all these. Only some will be 
briefly mentioned below in view of their special significance. 



1 . 4.1 


Immersion Oxygen Sensor 


Dissolved oxygen in molten steel is a key scientific as well 
as quality parameter in secondary steelmaking. Its measurement has 
been possible due to development of immersion oxygen sensor over the 
last two decades or so. It is actually an oxygen concentration cell 
with a solid electrolyte (typically ZlrO^ + MgO or ZrO« + CaO variety). 
The EMF of the cell allows estimation”^ of dissolved oxygen content 
through thermodynamic relations. Since the signal is electrical and 
obtained within 15 secs, of immersion it is widely used to measure and 
control oxygen in molten steel. Through thermodynamic relations it 
allows us also to know soluble aluminium content of steel, which again 
is another valuable information steelmakers desire. 

Immersion oxygen sensor has also been widely employed in a 
variety of scientific and technological investigations related to 
deoxidation reactions and behaviour of oxygen at different stages of 
steelmaking. The pioneering contribution of Kiukkola and Wagner 
(1956), who first set up such a cell for thermodynamic measurements in 
laboratory is to be recognized. 

1 . 4. 2 Some Other Process Control Measures 

Gases such as oxygen and nitrogen are picked up from 
surrounding air during teeming. and pouring. It can significantly 
increase gas contents in liquid steel. Unless it is prevented most of 
the secondary steelmaking operations would not give any benefit. For 
continuous casting, use of either submerged nozzle or shrouding of 
nozzle by inert gas is the solution. For ingot casting this is 
difficult to practice. There management of teeming stream is the 
strategy. 

For efficient deoxidation, synthetic slag treatment, and 
injection processes it is essential to prevent too much slag from 
primary steelmaking being carried over into ladles. All steelmakers 
know the associated difficulties if we do not desire lots of metal 
being left out untapped. Therefore considerable efforts are being made 
in technologically advanced countries on techniques of slag-free 
tapping. 

In traditional ladles, refractory lined stoppers were employed 
for flow control during teeming through nozzle. A major development 
has been slide gate, which is superior as a flow control device. 

Traditional method of addition of aluminium to liquid steel as 
ingots or shots makes efficiency of aluminium deoxidation poor as well 
as i rreproduc ibl e leading to serious control problems. The technology 
of mechanised feeding of aluminium wire is a significant improvement 
in this connection. Now-a-day many plants have facilities of feeding 
wires consisting of Ca or CaSi powders clad in steel as well. This is 
an alternative to injection of these powders into melt by injection 
metallurgy techniques. 

Fruehan (7) has reviewed some of these topics in concise fashion. 
Of course advances in instrumentation as well as use of computer have 
contributed significantly as in all other fields. Fig. 1.2 shows the 
sketch of a ladle furnace which is the most versatile processing unit 



in secondary steelmaking. It has two covers, one fitted with arc 
heating electrodes and another for vacuum operation. 

l.B THE INDIAN SCENERIO 

Srinivasan (2) has discussed it briefly. Alloy steelmakers in 
India are having secondary steelmaking facilities. However it is by 
and large lacking for conventional carbon steel grades. As a result, 
there is a major lag with respect to quality as well as yield when 
compared with technologically advanced countries. Installation of 
continuous casting facility in some shops has further aggravated the 
s I tuat i on . 

Therefore provision for secondary steelmaking facilities in all 
modernization programs is a must. This would require overcoming a 
traditional psychological barrier which is a belief that quality 
improvement means loss in productivity and yield. 

Table 1.2 presents the technology plan for SAIL plants for 
secondary steelmaking. 

Table 1.2 


Secondary Refining in SAIL Planis 
Technology Plan C21 


In Plants 

Proposed 

Technology 

Present 

Status 

1990 

199> 

1. Ladle measure- 
ment of 0 and 
temp . 

- 

A1 1 

plants 

- 

2. N^/Ar purging 

BSF, ASP 

1 imi ted 
extent 

BSL, RSP 

DSP. 

I ISCO 

5. Gas injection 
with top slag 

- 

BSP, BSL 

- 

4. LF/VAD 

RSP, ASP 

BSP, BSL 

DSP 

I ISCO 

5. Powder 
injection 

ASP 

- 

BSP. BSL 
DSP , 1 1 SCO 

6. A 1 -wire 
injection 

BSP 

A1 1 

plants 

- 

7. Ca-wire 
injection 


BSP 

Rest 
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CHAPTER 2 


THERMODYNAMICS 

A. GHOSH 


Chemical thermodynamics is employed to predict whether a chemical 
reaction is feasible or not. It also allows quantitative calculation 
of the state of equilibrium of a system in terms of composition, 
pressure and temperature. Laws of thermodynamics are exact and. 
therefore, calculations based on them are, in principle, sound and 
re 1 lable . 

All reactions and processes tend towards thermodynamic 
equilibrium. If sufficient time is allowed then close attainment of 
equilibrium is possible. Steelmaking reactions and processes are very 
fast. As a result. some of these have been found to approach 
equilibrium closely within the short processing time. Examples of the 
same in secondary steelmaking shall be provided in subsequent 
chapters. Therefore, knowledge of thermodynamics should be fully 
exloited for understanding, control. design and development of 
metallurgical processes. 

Thermodynamic equilibrium necessarily requires the attainment of 
mechanical, thermal and chemical equilibria. Mechanical interaction of 
a system with the surroundings is most commonly in the form of 
pressure. Therefore, in the absence of a field of force, mechanical 
equilibrium generally means pressure equilibrium i.e. uniform pressure 
all throughout the system. Similarly, thermal equilibrium implies 
uniformity of temperature, and chemical eqtiilibrium in a broad sense 
means uniformity of chemical potentials for all species in the system. 
At chemical equilibrium, there is no tendency of further reaction. 

It is possible that the system is at equilibrium with respect to 
some variables but not some others. It is known as partial equilibrium 
and thermodynamics is capable of handling this also. However, a 
precondition for handling any chemical equilibrium is establishment of 
mechanical and thermal equilibria. 

2.1 CHEMICAL EQUILIBRIUM 

Consider the following isothermal reaction which takes place at a 
temperature T K. 

aA + bB = IL + mM ... 2.1 

Here the capital letters are general symbols of chemical species and 
the small letters denote the number of moles of each. The word 
isothermal implies that the initial temperature at the begining of the 
reaction and the final temperature (when equilibrium is reached) are 
the same. It is not necessary that temperature remains unchanged all 
throughout during the progress of the reaction. 



The free energy change for reaction represented by Eq.<2.1> may 
be expressed as 

AG = <1G + mG > - (ae + bG ) ... 2.2 

L. M A B 

where G. is the partial molar free energy of the species i. The 
horizon^ial bars on top of the letters indicate a general state in 
solution. 

The standard state is the stablest state of the putre substance 
at the same temperature <T°K) and at one atmosphere pressure. The 
standard state could thus be a pure solid or liquid or ideal gas under 
one atmosphere pressure. The magnitude of a variable for any standard 
state is indicated by a superscript o. 

It can be shown that 

G - G° = RT In a. ... 2. 5 

V V V 

where G° = free energy of species i at its standard state 

a^ = activity of species i when its partial molar free energy is 

G. = f /f° 

X. X \ 

f. is the fugacity of i at the state under consideration and f° is the 
fugacity of i at its standard state. For ideal gases fugacity equals 
partial pressure. 


By definition, activity, a, is 1 when species i is at its standard 
state. If all the reactants and products are at their standard states, 
then 


AG° = <l(^"+mCf)-<a{? + bG) 

la hi A B 


where AG is the standard free energy change of reaction represented 
by Eq.2,1 at temperature T^K. Combining Eqs . 2.2, 2.5 and 2.4, 


where 


AG = AG® 

+ RT 

1 la 

In 



a 

A 

AG = AG® 

f RT 

in Q 

Q = 

i 

a 

la 

m 

a 

M 

d 

a 

A 

h 

a 

B 


l m 

a . a 

hi 

a b* 

. a 

B 


. . 2.5 


2.6 


Q is called activity quotient 



The previous equation was derived assuming an isothermal 
condition i.e. the same temperature for reactants and products. It is 
further assumed that the reaction is isobaric i.e. the initial and 
final pressures are the same and also that thermodynamic equilibrium 
preva i 1 s . Then 


(AG> =0 ...2.7 

P,T 

4 

combining Eqs . 2.6 and 2.7, 

AG° = - RT In CQ] = - RT In K ... 2.8 

where K is the value of the activity quotient at equilibrium. K is 
known as the eqtiilibrium constant. 

Eq.2.6 is the basis of predictions of feasibility of reactions. A 
reaction is spontaneous or feasible if AG is negative. It is 
impossible when AG is positive. Eq.2.8 is used to calculate the 
equ 1 1 1 br 1 um cond 1 t i on or end-point of a reaction. 

Thermodynamic predictions and calculations can be made if the 
following conditions are satisfied. 

(i) The process should take place isothermal ly (i.e. the initial 
and final temperatures should be the same) and the 
temperature should be known. 

(ii> The standard free energy change, AG° , should be available, 
(iii) Activity versus composition relations for ail species 
involved should be known. 

Since changes in pressure as encountered in metallurgy do not 
affect thermodynamic properties significantly, the condition p that be 
constant, is not of importance. 

2.2 AG° FOR OXIDE SYSTEMS 

In secondary steelmaking, we primarily encounter formation or 
decomposition of inorganic oxides. Therefore, a brief write up is 
presented on free energies of oxide systems. 

The standard free energies of formation reactions. representing 
formation of compounds from the elements, are now known for most of 
the inorganic compounds. These are called standard free energies of 
formation CAG^J . While some data are accurate, others are not so and. 
therefore, constant efforts go on to gather more accurate data. A 
number of books carry compilations of such data. A few are listed. 

1. J.F. Elliott and M. Gleiser, Thermochemistry for steelmaking, 
Vol.l, Addison-Wesley Publishing Co., Reading, Mass. USA (1960). 
J.F. Elliott, M. Gleiser and V. Ramakrishna, Thermochemistry for 
steelmaking, Vol.2, Addison-Wesley Publishing Co., Reading, 
Mass. USA (196?) . 


2 . 



5. 0. Kubaschewsk i , E.Ll. Evans and C.B. Alcock, Metallurgical 

Thermochemistry (,4th Ed> , Pergamon Press, New York, (1967). 

Consider the fornnation of an oxide from the elements, 

2X 

i.e. -^M+0(g)=^M0 ...2.9 

Y 2 Y X y 

where M denotes metal. 

Traditionally, all free energy data shown in the Ellingham 
diagram would be for a reaction such as Eq.2.9 where the formation 
reaction involves only one mole of oxygen. This would make it 
convenient to compare the data for different oxides. 

If the metal, oxygen and oxide are in their standard states then 
the free energy change is 

AG° = ah'" - TAS° ... 2.10 

where AH° and AS° are standard heat and standard entropy of 

formation respectively. 


. . . 2.11 


... 2.12 


where AH° and AS^ are standard heat and standard entropy of 
formation^at temperature T and AC° is the difference of specific 
heats of products and reactants at^standard states. The values of AC*^ 
are generally very small and, therefore, one may assume that A aRd 

AS° are essentially invariant with temperature. This allows us to 

express dependence of AG^. on temperature as ; 

< = ... 2.15 

where C and D are constants. 

Table 2.1 provides values of C and D for oxides of importance in 
steelmaking in the steelmaking temperature range. Fig. 2.1 presents the 
same graphically. AG° values are per gm.mole of 0^ for all of these. 
This normalization allows us to compare stabilities of oxides directly 
from the figure. For example A1 0 is stabler than SiO since the free 
energy of formation of the former is more negative as compared to that 
of the latter. 


According to Kirchoff’s law 


ah'" = AH® + S AC® dT 

1 y p 


T AC 

AS® = AS® + / dT 

‘ T 

1 



Quantitatively speaking, we are interested in the reaction : 


4/5 A1 + SiO = I- Al 0 + Si 

Z 5 2 3 


. . . 2.14 


AG° (for reaction 2.14) = AG^ (2/5 A1 0 ) - AG° (SiO ) 

f 2 3 f 2 

= a negative quantity. 

and hence the reaction is feasible, if all reactants and products are 
at their respective standard states (i.e. pure substances), in 
accordance with free energy criteria. 

However, if they are not pure (e.g. present as solution in molten 
iron or slag), then AG does not provide correct guideline, and we 
have to find out AG or equilibrium compositions. These will require 
knowledge of activity as function of comosition. 


2.3 ACTIVITY VS. COMPOSITION RELATIONSHIPS 

Crudely speaking, activity is a measure of 'free* concentration 
in a solution, i.e. concentration which is available for chemical 
reaction. Also. by definition, activity is dimensionless. In 
metallurgical processing, the gases behave as ideal and molecules are 
free. Hence activity of a component i in a gas mixture is equal to its 
concentration. Numerically, by convention, a. = p . where p. is partial 
pressure of i in atmosphere . 

Composition of a solution can be altered significantly during 
processing only if mixing and mass transfer are rapid. Solid state 
diffusion is very slow. Hence during the short processing time, its 
composition does not change. For example, a particle of CaO will 
remain CaO as long as it does not dissolve in slag. It may get coated 
by another solid such as Ca SiO or CaS during steel processing. Here 
solid CaO remains pure and its activity, by def i n i t i on . i s 1 since this 
IS its standard state. 

However liquid steel contains variable concentrations of 
impurities and alloying elements. Molten slag is also a solution of 
oxides with a variety of compositions. Hence activity versus 
composition relationships are required here for equilibrium 
calculations. 



Table 2.1 t 


Variation of standard free energy of formation of some 
oxides with tenperature at steelmaking temperatures 



ag; = 

C + DT 

Reaction 

kilo joules 

per mol 0 

2 


C 

D 

4/J Al(l> +0 <g) = 2/5 A1 0 <s> 

- 1197 

0.2574 

2C <s) + 0^ (g> = 2C0 (g) 

- 22?. 6 

- 0.1754 

C<s>+0 (g> = CO (g> 

2 2 

- 594.4 

- 8.4 X 10"“* 

2Ca(g) + 0^ (g> = 2Ca0 (s) 

- 1592 

0.5904 

4/?Cr (s> +0 <g> = 2/5Cr 0 <s) 

2 2 3 

- 747.5 

0.1755 

2Fe (s> +0 <g> = 2Fe0 (s) 

2 

- 519.6 

0.1252 

2Fe ( 1 > + 0 <g> = 2Fe0 < 1 ) 

2 

- 465.8 

0.0907 

2Mn <1) +0 <g) = 2Mn0 (s> 

2 

- 798.9 

0.165 

Si (1) + 0^ <g) = SiO^ (s) 

- 955.4 

0.2059 

*Fe0 is actually non-sto i ch i omet r i c compound 

Fe 0, where 0 

X 

.92<x <0.97 


2.3.1 Activities with conventional standard states 


As already stated, a pure element or compound 
conventional standard state. For example. pure Fe 
standard state for liquid steel, and a =1 for pure 
pure SiO^ is the standard state for a stag containing 


constitutes its 
is conventional 
i ron . Simi lari y 
silica. 


In conventional standard state, an ideal solution obeys Raoult*s 
Law, which states that 


a. = X. 

t L 


. . . Z.15 


where X. is 
liquid steel 
from we i ght 


mole fraction solute i in the 
contain chromium and nickel, 
percentages as follows. 

W /M 

Cr Cr 


solut ion. 
Then X 


cr 


For example, let 
is to be calculated 


Cr 


W /M 

Cr Cr 


W ./M f 

Nv Nv 


W /M 

F« F* 


where W denotes weight percent and M molecular mass. 


2.16 






Most real solutions do not obey Raoult's Law. They either exhibit 
positive or negative departures from Raoult's Law. For a binary 
solution (i.e. containing two species such as Fe+Ni or CaO+SiO >, this 
is illustrated in Fig. 2. 2. For example, molten Fe-Mn, Fe-Ni, FeO-MnO 
solutions are ideal. Molten Fe-Si, CaO-SiO , FeO-SiO^ , MnO-SiO_ 


etc. show 
departure . 


negative departures. Liquid 


Fe-Cu 


exhibits positive 


Departures from Raoult's Law are quantified using 
known as Activity Coefficient <y), which is defined as ; 

a. 

r: = V- 


a parameter. 


2 . 17 


Activities in slag systems use conventional standard states as 
reference. However industrial slags are multicomponent systems. Hence 
presentation of activity versus composition diagrams is more complex 
and different from that of a binary solution. 

Fig. 2. 5 shows values of activity of SiO in CaO-SiO - Al^ 0 
ternary system at 1600*^0. These are in the form of isoacfivity linel 


for SiO 


Similarly, there would be diagrams presenting isoactivity 


lines for CaO and 


.The liquid field is bounded 


by 1 iquidus 
Th is is 


A1 0 

2 3 

lines. In this diagram, A1 O^has been written as AID __ 

because molecular mass of CaO, SiO and AlO are close, being equal 
to 56,61 and 51 respectively. Therefore, the ' mole fraction scale is 
approximately the same as weight fraction scale. Slag activity data 
are available in several sources. But the most comprehensive is 
Slag Atlas . Verein Deutscher E i senhuttenleute , published by Verlag 
Stable i sen mbH, Dusseldorf, 1981. 

2.3.2 Activities with One Weight Percent Standard State 

Liquid steel comes primarily in the category of dilute solution, 
where concentrations of solutes (carbon, oxygen etc.) are mostly below 
1 weight percent or so except for alloy steels. Solutes in dilute 
solutions obey Henry's Law, which is stated as follows. 


= r 

X. 


X. ... 2. 18 

where y. '' is a constant. Deviation from Henry's Law occurs when the 
solute concentration increases. The range differs depending on nature 
of solute. 


Therefore activities of dissolved elements in liquid steel are 
expressed with reference to Henry's Law and not Raoult’s Law. Since we 
are interested to find values directly in weight percent, composition 
scale is weight percent and not mole fraction. With these 
modifications, in a dilute solution of species i in liquid iron, 

<i> if Henry's Law is obeyed by species i, then 


= W 


... 2.19 



<ii> if Henry's Law is not obeyed by species i, then 

h. = f . W, , where f, 5^ 1 ... 2.20 

V V t. V 

h. is activity and f, is activity coefficient in the so-called 1 
weight percent standard state. This is because at 1 wt.pct., h, = 1. 

if Henry's Law is obeyed. 

It IS to be noted that the standard free energy change for 
reaction is not ^oing to be the same if standard state is changed. For 
example, at 1600 C, 

Si(l) t 0 (g) = SiO <s> ; = - 571.5 kJ mol"* ... 2.21 

2 2 

for pure liquid silicon as standard state. 

[Si] + 0 (g)= SiO (s> ; AG = - 406.4 kJ moT* ...2.22 

vt. pci 2 2 

for 1 wt.pct. standard state of Si dissolved in liquid iron. 

(Note : Si dissolved in liquid metal is denoted either as [Si] or Si; 

STO dissolved in slag is indicated by (SiO )> 

2 2 


2.3.3 X Solute-Sk^lute Interactions in Dilute Multicomponent 
Solutions 

It has been found that solutes in a multicomponent solution 
interact with one another and thus influence activities of other 
solutes. Fig. 2. 4 illustrates it for activity of carbon and oxygen in 
liquid iron at 1560°C. In Fe-C binary (i.e. without any other added 

element), f = 1, i.e. log f = 0. In presence of a third element in 

liquid iron^solut ion . f keeps changing systematically. It has been 
derived that, if in a dilute multicomponent solution. A is solvent (Fe 
in case of liquid steel) and B.C, ...i.j,... are solutes, then 

log f. = e®.W + e*^.W + e’' .W . + ei’.W. + ...2.25 

X tB X C XX 

where e's are constants. e’’ is called Inter.acliori Coefficient, 
describing influence of solute j on f. . e!" is known as self 

interaction coefficient and has a non-zero value only if Fe-i binary 
deviates from Henry's Law. 

Table 2.2 presents values of interaction coefficient for some 
common elements dissolved in liquid iron. 

2.4 SOLVED EXAMPLES 

Exan¥>le 2.1 t Solid iron is in contact with a_ liquid 
FeO-CaO-SiO s lag , and gas containing CO and CO at 1300°C. The 
activity of *FeO in slag is 0.45 and p /p ratio in gas is 20/1 . 

CO CO 

2 

Predict whether it is possible to oxidize Fe. Also 


cal culate 



rat 1 o in gas . 


equilibrium value of p /p 

CO CO 

2 

Solution * We are to consider the following reaction : 

Fe(s> + CO <g> = (FeO) + CO{g> ...Ex. 2.1 

2 slag 

AG° for reaction Ex . 2 . 1 

= AG^ CCO(g)l + AG° CFeO<s)3 - AG° CC0^(g>3 ...Ex. 2. 2 

Standard state for FeO is solid pure FeO. since its melting point is 
1?68°C. 


With the help of Table 2.1, 


AG at 1500 C <1575K> 


249.8 - 161.5 + 595.7 


15.58 kJ/mole = - 15.58 x 10 J/mole 


(a) 

AG = AG° 

+ RT 

In 

Q 


= AG° 

+ RT 

In 

p X 

CO 


Ca 3 


FsO 


Fe 


CO 


... 2.6 

. . . Ex . 2 . 5 


As discussed earlier, solid would remain essentially pure in a 
limited time period and a may be taken as 1. Going through 
calculat ions , 


AG = + 15.56 kJ/mole 

Since AG is positive, oxidation of Fe is not possible. 

(b) At equilibrium, AG° =-RTlnK ...2.8 


p X (a ) 

C30 F#'0 

where K = ^ at equilibrium 

a X p 

CO 

2 

using value of AG^,P /p ratio at equilibrium with Fe and slag turns 

CO CO 

2 

out to be 7.20. 

(Note: R = 8.516 Joules/mo I /K> 

Exanyle 2» g 


Liquid steel is being degassed by argon purging Tn ladle at 
1600^C. The gas bubbles coming out of the bath have 10 pet. CO. 5 pet. 
N , 5 pet. H . Assuming these to be at equilibrium with molten steel 
calculate hySrogen, nitrogen and oxygen concentrations in steel in 
parts per million (ppm). The steel contains 1 pet. carbon, 2 pet. 
manganese and 0.5 pet. silicon. 



Solution : 


(a) 


for hydrogen, 


CH] 


ppm in eieel 


the reaction may be written as r 
= 1/2^ H^Cg) 


for which log K = -y — ~ - 2.408 

(Note: Here standard state for CHD 

1/2 

Again, K = — j , where h is 

Now, p = 0.05 atm and K at 1875K 

H 

2 

So. h at equilibrium = ^.49 = f 

H H 


is 1 ppm> 

1 n ppm 

= 0.0407 
. ppmH 


. . .Ex.2.4 

. . .Ex.2.5 


. . . Ex .2.6 


Again, log f 


H 


W + e 


Mn 

H 




Mn 


+ e 


SV 

H 




Si 


. . .Ex. 2. 7 


Assume interactions of dissolved H,N and 0 on f as negligible. This 
IS justified in view of their very small concentrations. 


From Table 2.2 

log f = 0.06 X 1 - 0.0014 x 2 + 0.027 x 0.? 

H 

Putting in values, [ppm H] = 4.67. 

<b) for nitrogen, the reaction may be written as : 

CN3 = 1/2 N (g) . . .Ex.2.8 

vi. pci. 2 

187.9 

for which, log K = + 1.248 ...Ex. 2. 9 

T 


Proceeding 

as for 

hydrogen, 

now, h 

= f . 

W 

N 

N 

N 

and log f 

N 

G 

= e 

N 

W + e“" . W 

C N Mn 


0.01, in 1 wt . pet. standard state 

. . .Ex.2. 10 

e®^ . W . .. .Ex.2. 11 

N Sv 


Proceeding as for hydrogen. 
Concentration of N =0.0077 wt.pct. 


77 ppm. 



(c> for oxygen, the reaction may be written as : 


CC] 


Vi. pci. 


+ CO] 


vt. pci. 


1168 

for which log K = + 2.07 

T 


Aga in, K 


CO 

f R T C hTT 


C0<g) 


. . .Ex.2. 12 

. . .Ex.2. 1? 

.. .Ex.2. 14 


= f . W = f 
c c 

^ ^11. II 1 II 

og f = e.W+e .W +e .W, 
c c c c Mn c S\. 


. . .Ex .2 . 15 


<as in previous cases, assume interactions of H, N, 0 on f as 

negl igible) . 

Putting in values from Table 2.2, f = 1.4?, and h = 1.45. 

c c 


So , h 



0.1 

494 X 1 .45 


1.42 X 10 


Again, W = h / f 
o o o 


and log f 


= e 


Mn 

W + e 
c o 


, , . Sfi 

W + e 

Mn o 


w 




• » . Ex . 2 . 1 6 


c 

Putting in values (taking e = + 0.075) 

o 

Concentration of dissolved oxygen in steel 
= 1.55 X 10~* wt.pct. = 1.55 ppm. 

( Note : You are advised to carry out these calculations ignoring ail 
i nteract i o.ns and see for yourself the difference.) 



Table 2.-2 : First order interaction coefficients in 
molten iron (ej_^) a-t 1600*^0^^ 


1 

c 


Or 

]\]ia 


0 

Si 

Ti 

Al - 0.045 

0.091 


- 


- 

6,6 

0.0056 


C 0.043 

0.14 

- 

0.024 - 

0.012 

. - 

0.34 

0.08 

- 

Or 

- 0.12 


0.0003 

- 

- 

0,14 

- 0.0043 

0.059 

H 0.013 

0.06 

- 

0.0022 - 

0.0014 

- 

0.19 

0.027 - 

0.019 

!Mn — 

- 0,07 


- 

- 

- 

0,083 

0 

- 

F - 0.028 

0.13 

- 

0.047 - 

0.02 


0.05 

0.047 - 

0.53 

0 - 3.9 

- 0.45 

- 

0.04 - 

0.021 

— 

0.20 

- 0.131 - 

0.6 

Si 0.058 

0,18 

- 

0.0003 

0,002 

- 

0.23 

0.11 

— 

Ti 

- 


0.055 

■ 

- 

1.8 

— 

0.013 

e ^ = 0 

c 

M 

.07^ X ^ 
o 

4- 

1 o 

- M 
c 

M 

o 

0 

.057 




where M , M are atomic mass of oxygen and carbon respectively 



Fig. 2.1 » Standard free energy of formation of some oxides 



ACTIVITY 





S 1 0 2 



Fig. 2.3 » Activity of SiO in SiO - CaO - A1 O slag at 16O0°C ; 

th© liquid at* various locations* on liquidus is 
saturated with conqsounds as shown CR. H. Rein and 
J. Chipman, Trans. TMS - AIME, 233 C19653, 419) 



(a) Effect of a third elemeat on Henrian activity co-efficient of oxygen in 
liquid iron at 1560 °C 

[Source : T. P, Floridis and J. Chipman, Trans ASM vol. 29 (1941) 953| 



ATOM FRACTION OF ADDED ELEMENT 

(b) Effect of a third element on Henrian activity co-efficient of carbon in 
liquid iron at 1560 ®C 

[Source : T. Fuwa and J. Chipman, Trans TMS, A I.M.E vol. 215 (1959) 
7081 

Fig. 2.4 Influence of alloying element in liquid iron on the. activity co- 
efficient of a tffven solute 
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FLUID FLOW AND MIXING 

S. P. MEHROTRA 

Mixing processes are prerequi si ■tes Tor homogenei’ty oT "temper at, ure 
andi concentrations. &otbi tWe <iistr ib>ution of" tKe alloying elements andi 
the exchange between metals slag and gases are influenced by the fluid 
flows. Furthermore> the precipitation of new phases » for example 
during deoxidation, and desulfurization, are stimulated. Fluid flow 
and mixing are important for vacuum metallurgy too. Today* s secondary 
steel making no longer deals with the treatment in the ladle alone but 
also with procedures in the specially developed metallurgical vessels 
such as ladle furnaces, vacuum installations, tundishes. A survey of 
the inducing of fluid flows and movements in melts is given in Fig. 
3.1. 


In this chapter a brief description of fundamentals of fluid flow 
and mixing is given. 

3*1 S:OME BASIC DEFINITIONS 

3.1.1 Fluid 


A fluid is a substance that deforms continuously under the action 
of a shear stress. The properties of an ideal fluid are : 


CiD A fluid is considered to be a ^continuum* in which there can 
be no voi ds . 

CiiD At rest the fluid cannot support shear stress. 

CiiiD Pressure imposed on a fluid at rest is transmitted 
undiminished to all other points in the fluid. 


3* 1 . 3 Stress 


Consider a fluid element of arbitrary shape as shown in Fig. 3.2. 
Let us designate small area AA on the surface of this element and 
suppose that a force F is exerted by the surrounding fluid on this 
area AA. Force being on vectorial quantity can be resolved in two 
components F , and F^ We define 

Normal stress t 

ri 


Shear stress t 

i 


AF 

c — ^ :> 

AA Aa ► o 


..3.1 


AF. 


= C 


AA Aa 


. . 3. 2 


Fig. 3.3 shows stresses acting on a fluid element in the shape of 
a cube. The nine stress components are described by the stress tensor 


as 



T 


T 


T 


. . . 3. 3 


yK 


My 


yy 

T 

*y 


S*Lross -tcrnsor is symm«^-Lric» i. 


= T 


xy 


yx 


T 

yat 




y* 

T 


*y 


= T 

MZ 


3. 1. 3 


Pressure Gradieryt 


. . . 3. 4 


A particular case or surface forces acting on a fluid element is 
due to a pressure differential in the fluid. Pressure CPD is a scalar 
quantity. When shear stresses are absent » the net force on the fluid 
element is given by 


= - V p or - grad p 


C _£E_ + 4 . _£E d 

dx &y ^ 


. . . 3. 5 


3. 1 • 4 Viscosity 


The viscosity of a fluid is a measure of its resistance to steady 
flow. In other words » then viscosity determines the stress of one 
fluid layer moving smoothly past an adjacent layer. The stress t » 
resisting the flow of one layer past another is proportional to tKe 
negative value of the velocity gr adient» i . e. 




H 



...3.6 


where v is the velocity of the fluid in the x direction Cthe flow 
direction!) » and y is distance measured perpendicular to the direction 
of flow. Proportionality constant p is known as viscosity. Equation 
C3. 6D is known as Newton'^s Law of Viscosity. 


3. 1 • 5 Newtonian Versus Non-Newtonian Fluids 

All those fluids which satisfy Newton ’’s relationship of 

viscosity are called Newtonian fluids. In such fluids the viscosity 
depends only on the temperature and pressure and is independent of the 
rate of shear stress and the time of shear. For fluids containing 
rather large molecules or dispersed particle or droplets* however* Eq. 

C3. 6Z) does not apply. Such fluids are referred to as ^non—Newtoni an 
fluids. For a Newtonian fluid* a plot of t versus - C x should 

give a straight line passing through the ^origin* and the slope of this 
line is viscosity. A non-Newtonian fluid would exhibit a non-linear 
behavior. Csee Fig. 3. 4D 

3.2 FLUID FLOW CHARACTERIZATION 


When the Reynolds number* defined as 


Re 


p V L 
~Ju 


. . . 3. 7 



where v is velocity, p is density, p is viscosity and L is the 
characteristic length, is small Cf"or f*low through conduits, the 
critical value is usually around SOOOD the jflow is laminar and when Re 
is large the flow is turbulent. There is an intermediate transitional 
regime between these limiting cases which is less well defined. 


A laminar flow is microscopically time independent. Hence, on 
plotting the velocity at a particular location as a function of time, 
a horizontal straight line is obtained Csee Fig. 3. SD . In such a 
situation, transport of heat, mass and momentum takes place by 
molecular mechanism, with the transport coefficients such as 
viscosity, thermal conductivity and diffusivity being determined 
solely by chemical composition, temperature and pressure of the 
system. Under laminar flow the shear stress between adjacent fluid 
layers is given by Newton *s law of viscosity CEq. 3, 6D . The 
cor r espondi ng relationships between the heat and mass flux and the 
temperature and concentration gradients may be written as 


dT 

dy 


3. 9 


and 


N = ~ D 


dC 

dy 


..3.0 


The laminar flow is characterized by distinct streamlines with no 
cross mixing. 


In contrast to a laminar flow, turbulent flow is a mani f estati on 
of flow instability and extensive mixing. In turbulent flow inertial 
C moment uirO effects cause the velocity and density, p , of the flowing 
fluid to assume great importance. In this kind of flow, velocity at a 
particular point in the fluid is not steady but varies, fluctuating 
with time as, shown in Fig. 3.6. 


is 


In turbulent flow, the 
gi ven by _ 

v = V ± v*" 


K K 


H 


i nstantaneous 


velocity in the 


X direction 
... 3. 10 


where v is the ti me -aver aged velocity at any point in the flowing 

fluid and v" is the fluctuation velocity. The fluctuation velocities 
are sometimes positive, sometimes negative and the time average of 
them is zero i.e. v^ =0. It is convenient to express the amplitude 


2 

of the fluctuation velocities in the x direction as CvO , which is the 
mean of the squares of the fluctuation velocities, this being 
necessarily positive. One can take the square root of this mean of 
squares to get a root mean square fluctuation velocity, denoted by 
V . Thus 


M 


C VO 

M 


. 4/2 


. . - 3.11 


The fluctuation velocity v ^ is a measure of the intensity of the 
turbulence in the x directfon. Similarly, intensities of turbulence in 
y and z directions are also defined. For fluid flow through a pipe. 



•turbulent intensity may have values of the order of 0.02 to 0.1. 
Systems where the intensity of turbulence is the same in all the 
direction are called isotropic. 

The velocity fluctuations in a fluid can be measured with 

sophisticated instruments such as a ^ Laser Veloci meter* or ^ Hot Film 

Anemometer*. Figures 3.7 and 3.8 show sketches of these instruments. 

The qu^nti ti esPv^ v^ » Fv'v' have the dimensions of stress and 

are called Reynold St?- esses* ^and designate the momentum transfer in 

the system due to the turbulent fluctuations. Fig. 3.9 is a plot of 
both the total shear stress and the shear stress contributed by the 
Reynolds stress for flow in a wind tunnel. It is seen that the 
Reynolds stresses contribute the dominant mechanism of momentum 

transfer everywhere except in the vicinity of the wall where the 

viscous transfer of momentum is important. 


An essential feature of turbulent flow is the existence of fluid 
elements where rapid and local circulating flow occurs. These 
elements^ which are formed and destroyed continually* are termed 
eddies. Figure 3.10 shows the turbulence eddies in a pipe as viewed by 
an observer moving at the mean flow rate Cfrom left to rights. Near 
the wall* the strong velocity gradient within the fluid tears the 
fluid into small eddies. Some of these migrate toward the centre* 
where larger eddies are also to be found. The large eddies which have 
dimensions typically one^tenth to one-third of the vessel 
characteristic length* are called the macroscale. These eddies contain 
turbulent kinetic energy which is associated with the fluctuating 
velocity components. The small eddies which may have dimensions of 
typically a hundred micron or so* are called the microscale of 
turbulence. It is in these eddies that the turbulent kinetic energy is 
being dissipated. 


The presence of the eddies and the turbulence fluctuations brings 
about very effective mixing* because mass Cand also heat and momentum^ 
can be readily transported by the eddies from one part of the fluid to 
the other. Under turbulent conditions we can still write formally the 
following expressions for the shear stress* heat flux and mass flux : 


T 

YK 


q 

N 






D 




dv 

dT 

dy 

dC 

dy 
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but here the transport coefficients* that is* the effective viscosity* 
thermal conductivity and diffusivity* are no longer molecular 
properties but are functions of the flow system itself. Indeed*each is 
a sum of molecular and turbulent components. In general* the turbulent 
transport coefficients may be some hundred or several thousand times 
larger than the cor respond! ng laminar values. 



3.3 ANALYSIS OF FLUID FLOW 


QuanLi LaLi VO analysis of fluid flow in a syst-om primarily 
± nvol VOS solution of oquaLion of changos C consor vaLi on oquali onsZ) . 
Equations more relevant to fluid flow are : 


Cil> equation of continuity C conser vati on of massD 
CiiD equation of motion C conservation of momentunO 
These conservation equations can be expressed in words as 


rate of transport in 


rate of transport out 


rate of generation 

through system 

- 

through system 

4 " 

in control volume 

surface 


surface 


- 

["rate of consumption! 
[^in control volume J 

_ Prate of accumulation 

l^in system volume 

... 3. 15 


3.3.1 Equation of Continuity 

Consider a stationary rectangular volume Ax Ay Az CFig. 3. IID 
through which the fluid is flowing with velocity having components v , 
V » V • In a laminar flow transport of a component , say A» is by 
mSleeufar diffusion and by bulk flow 


Transport by molecular diffusion C three dimensions!) : 


I n Out 


X : 

CAy Az5 At 



^ J CAy Az:> At 1 


K 

K 

- " J: 


r 

“1 



j'*' CAy Az:> At 

- 

1 j CAy Az!) At / + 

— ~ ^ C Ay Az AxD At 
Ax 

L ** 

Jh 

L ^ Jh 



= - CAx Ay Az:5 At. 

dx ^ 


y : 



CAx 

Az:) 

At 

J * CAx Az> 

At 

L y 



Jy 

L >■ 

J y+Ay 




~ . A 











— 

^ ^ CAx 
Ay 

Ay Az!) At 


[j* 

CAx 

Ay!) 

At 

[ J "^CAx AyD 

At / 

L ■ 



J- 

L “ 

J «<4'Ak 



C Ax Ay Az^ At, 
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Transport, by bulk Tlow Cbhroo dimensions!) ; 


V p C Ay AzZ) At, 

K A 


V p CAy AzI) At, 

K A 


p :> 

H A 


CAX' Ay Azl> At, 


V p C Ax AzD At, 

y A 


V p CAx Az!)At, 


I y-4-Ay 


p D 

y A 


CAx Ay Az:> At 


V pc Ax AyDAt^ 

SB 


V p CAx Ay!>At, 

z A 


p !) 

* A 


CAx Ay Az!> At 
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Accumul at,i on 


p C Ax Ay Az!) 


J t-i-At 


p^C Ax Ay Ase!) 


CAx Ay Az!) 


3 . 13 


Generation : 


r CAx Ay AzZ) At, 


3. lO 


where 


mass density of component A 

mass flux of component A by diffusion in i direction 
rate of production C depletion!) of A by chemical reaction 



Substituting the Eqs.C3.163 to C3. 10> in Eq. C3.15D, dividing by 
C Ax Ay AzD At and then taking the limit Ax^Ay^Az and At simultaneously 
approaching 2ero» we get 




SKlp V Z> 3Cp V > ^p V Z) 

A K y ^ g 

<^x Sy ^zL 




^x 




. . . 3. 20 


In the vector notation this equation can be rewritten as 


^p 

A 


VC vD 


^ j' 


-4- r 

A 


. . . 3. 21 


A 


similar 

^p 

JB 


equation can be written for 
-4- VCpvZ>=“-Vj* -4- r 

B B 


component B in a binary system 

... 3. 22 


Addition of Eqns. C3.21Z) gives the equation of continuity on a total 
basis 

3p ' 

— — 4. CV. pvD = O ...3.23 

Mote that by definition ^ = p and r £ = O because of 

conservation of matter in a chemical reaction. The term C V. pvZ> is 
called the ^divergences of pv» sometime also written as div pv. Mote 
that the vector pv is the mass flux and its divergence has a simple 
significance; it is the net rate of mass efflux per unit volume. 
Equation C3. 23D simply states that the rate of increase of density 
within a small control volume fixed in space is equal to the net rate 
of mass efflux to the control volume divided by its volume. 


A very important special form of the equation of continuity is 
that for a fluid of constant density C incompressible fluids for which: 

CV. v3 = O ... 3. 24 


For turbulent flows » the velocity components are given by the sum 
of the time smoothed and fluctuating quantities, i . e. 

V * Cv -4 v^Z) ;v s= Cv 4- vO;v = Cv 4- vO 

K KK y y y * m m 
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Substituting Eq. C3. 35:5 into Eq. C3. 345 and time smoothing each term, 
i . e. applying the operator 


1 

4— S Cv3 dt, 
■to o 


tho riuctuating component will 


1 ^ 4- ^ 


di sappear . Thus we have 
O or CV. vZ> = O 
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3.3.3 Equation of" Mo-tion C Conservation of" MomentimD 

For a control volume Ax Ay Az we can write a momentum balance 
in the following manner : 


rate of momentum 

rate of momentum 

mLm 

sum of forces acting 

J 

out 


on the system 


= Crate of momentum accumulation] ... 3. 37" 


It should be pointed out that unlike mass or energy » momentum is a 
vector. Thus Eq.C3.S7D will represent a vector equation in each of the 
three coordinate directions x»y and z. For simplicity we consider only 
X component of Eq. C3. 27D . 

Momentum may be transferred due to bulk motion of the fluid, i . e. 
convective transfer and due to the components of the stress tensor 
C mol ecul ar t r ansf er D . 


The rate of transfer of x component of momentum through the six 
surfaces by convection 
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Ax Ay Az 


The rale of momen-tum transfer by molecular transport across the six 
surfaces 

X : C T ] Ay Az - C t 3 . Ay Az 

KX K KK X-»-Ak 

= - - 5 -^ Ax Ay Az 
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dr 

= — — Ax Ay Az 

dz 

... 3. 29 


In most cases the only important forces are those arising from the 
fluid pressure P and the gravitational force per unit mass g. Thus the 
resultant force in x direction will be 

C p I - pi . D Ay Az + P 9 Ay Az . - . 3 . 30 

* X 'x-<>Ax X 

Finally the rate of accumulation of x momentum within the control 
vol ume i s 


C 


dpv 



Ax Ay Az 
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Substituting foregoing expressions in Eq.C3.27I> and dividing the 
resulting equation by Ax Ay Az and taking limits as Ax» Ay and Az 
approach zero* we obtain x component of the equation of motion 
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For Newtonian fluid with constant density and viscosity^ the above is 
reduced to 
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The y and z components of the equation of motion may be similarly 
written- Adding up the three components of momentum and writing the 
resulting equation in the vector form we get 

= - [V.pvv] - Vp - [V.t3 + 

... 3. 34 


Using the concept of "substantial derivative^ and the equation of 
continuity^ above equation for an incompressible fluid with constant 
viscosity be rewritten as 
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where 
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Equation C3. 352) is the well known " Navi er -Stokes ^ equation and is 
valid for laminar flow. 

For C V. tD = O * Eq. C3. 34!) reduces to 


p^=-^p + pg ...3.37 

This is the famous Euler ^s equation which is widely used for 
describing flow systems in which viscous effects are relatively 
unimportant. 


For turbulent flow the -equation of motion can be obtained by 
replacing v by v + v^and p by p + p^ everywhere they occur. It can be 
shown that for turbulent flow 
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where is Ihe larninaLr stress tensor and is the turbulent 

stress tensor » i . e. 
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The components of turbulent stress tensor may be measured 
exper i mental 1 y . 


Solution of Eq.C3. 382) requires relationship between the 
components of the turbulent stress tensor and the time- smoothed 
velocity gradients. For turbulent systems such a relationship is more 
complex and is a property of the system. 


3.3.3 Semi Empirical Expressions for the Reynolds Stresses 

Slome of the commonly used semi empirical relationships to r 
are given below : 


Boussi nesq * s Rel ati on 

<i> 

nr 

yx 


dv 

dy 
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Here p is the eddy viscosity which usually depends strongly on 

position 

3. 3. 3.1 Prandtl^s Relation 


By assuming that eddies move around in fluid very much as 
molecules move about in a gas» Prandtl developed an expression for 
momentum transfer in fluid in which the mixing length plays a role 
roughly analogous to that of the mean free path in gas kinetic theory- 
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Here 1 is the mixing length and the turbulent viscosity is given as 




t 


P 1 


dv 
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Prandtl *s model has the following drawbacks : 

Ci> Specific expressions are required for the mixing length 
which may not be available for the system of interest. 

CiiD The mixing length model implies zero turbulent viscosity at 
zero length which is not true. 

The model does not describe satisfactorily the complex flow 
field i.e. recirculatory flow. 


Ciii3 



To characterize turbulent viscosity in gas stirred liquid bath 
the following two models have been frequently used : 

Ci> one equation k - model 

CiiD two equation k - ^ model 

In one equation model effective turbulent viscosity is determined 
solving one differential equation which expresses conservations of 
turbulent energy. The two equation k - s models originally 
developed by Launder and Spalding^^^ basically involves two 
differential equations representing conservation of kinetic energy and 
dissipation rate of turbulent energy. These two equations in all 

contain five empirical constants which must be characterized. 
Different investigators have used different values for these 
constants. 

Considering the efforts involved in solving the partial 

differential equations and uncertainties involved in characterizing 
five empirical constants in two equation k - model, several 

investigators have used rather simple empirical equations for 
characterizing the turbulent viscosity. Two typical equations are 

u = O.OiaCDD H p CIS p Q d ^ 

I ^ rs 

... 3. 42 


and 
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where 
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3. 4 MIXING 


B.S X 10~“ H p g Q / D ] 


ba.'th di a.mo'ter 
bat-h hei ght. 

density of the liquid in the bath 
density of the injected gas 

gas flow rate 
nozzle diameter 
gas hoi d up 
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Mixing results from a combination of many phenomena, viz. 
molecular diffusion, convective or bulk flow and turbulent or eddy 
diffusion. Any one of these mechanisms alone may not be adequate for 
complete or perfect mixing Cuniform mixture drawn to molecular levelD. 


The bulk motion of fluid associated with turbulence in the vessel 
is responsible for long range mixing. Such bulk motion also helps in 
disintegrating large size packets into smaller and smaller ‘clumps’ 
Ceddies^. Dispersion of such clumps assists mixing process and 


** B. E, Launder and D. B. Spalding : Computer Methods in Applied Mecha- 
nics and Engineering, 1074, Vol . 3, pp. 269 - 89 


const^i t/Ut/OS oddy dirfusion inocha.nism of* mixing, A small ©st. siza is 
raachod txa^yond whicli viscous ITorc^s provon'L JTur'LKor sHoaring of* 
clumps. Evon at. t/his st.ago, liquid is no”L ^porjroct.ly mixod^ and 

i nhomog^noi t>i ^s ^xist^ on microscopic scalo. Furt^hor homogoni 2 at.i on 
Cmicro mixing^ is possible by molecular diffusion only. Micro mixing 
is very slow^ and unabbainable in technological processing operations. 
On the other hand» the macro mixing which results from bulk motion and 
disintegration of clumps leading to eddy diffusion is comparatively 
faster . 

The progressive breakdown of clumps in macro mixing depends on 
the mode of stirring in the vessel as well as on the amount of input 
stirring energy. High temperature metallurgical melts are stirred 
either by gas injection or electromagnetic stirring. We shall confine 
our discussion to the former mode of stirring only. In gas stirred 
bath, the gases may be injected either from the top or the bottom of 
the vessel. It is generally believed that the mixing is more effective 
when the gas is injected from the bottom. 


3* 4. 1 Mechanism of Stirring in Gas Injected Baths 

When a gas is injected into a liquid bath from the bottom, 
bubbles are formed. These bubbles rise to the top of the bath due to 
the buoyancy effect. The rising bubbles cause motion of the liquid in 
the vessel. If the bubbles are spherical in shape and small in size, 
they slip through the liquid, causing only local movement of the 
liquid. Such movement of the liquid does not result in the bulk motion 
in the vessel - hence the mixing in the bath depends mainly on the 
molecular diffusion. If, on the other hand, large irregular shaped 
bubbles are formed, these when rise entrain the surrounding liquid 
with them thus liquid-gas mixture rises from the bottom of the vessel 
to the top. This rising two phase mixture is called "plume" 
CFig.3.12D. Liquid that rises to the bath surface goes down into the 
bath along the vessel walls, causing gross circulation of the liquid. 
Such a flow pattern of the liquid in the bath is known as 
"Recirculatory Flow", The overview of this type of flow is shown in 
Fig, 3.13. It has been established that the measure of recirculatory 
flow promotes mixing in the bath. 

At a high gas velocity, bubbles are not formed at the nozzle tip. 
Instead a continuous gas phase, which is known as "Gas Jet", moves 
through the liquid. However, at some distance above the nozzle the jet 
is disintegrated into a number of smaller bubbles due to turbulence. 
The bubbles, thus, generated entrain the liquid causing gross 
circulation in the vessel. This regime of gas velocities is associated 
with a gas jet followed by a two phase region. Thus, in this region 
the gas is neither completely in a plume form, nor in a jet form. This 
configuration, consisting of a gas jet followed by a plume, is known 
as " Buoyant Jet " or * For ced ' PI ume " . 

If the gas velocities are still higher and are equal to or 
greater than sonic velocity, the gas jet extends itself to a much 
larger distance above the nozzle tip. In this regime the li.quid 



movemen’t is no more due to bubble entrainment > but only due to the 
momentum associated with the gas Jet. Therefore* the flow pattern 
shown in Fig. 3.12 may not exist. 

3.4*2 Characterization of Mixing Phenomena 

Mixing in a bath can be characterized using one of the following 
approaches / models ; 

Turbulence Recirculation Model : 


In this model the velocities of the turbulent flow fields 
and the dispersion of an added tracer within these are calculated. The 
calculation is carried out in three steps : 

CaD the turbulent flow field is described by the momentum 
balance equation. The characteristic parameter in this 
equation is the eddy viscosity. 

CbJ eddy viscosity is calculated by the k"~£: model 

CcD turbulent diffusion of the tracer is calculated by solving 
the diffusion equation with the eddy diffusivity. 


3. 4* 3 


Mixing Time Measurement 


Mixing time is one of the frequently used gross integral 
parameter to characterize the mixing phenomena. Mixing time is the 
time taken to attain desired level of mixing in the liquid bath. This 
desired level of mixing is defined in terms of degree of mixing which 
implies the extent of uniformity in composition desired in the 
finished mixture. 


One of the commonl y used techni ques of exper i mental 1 y measur i ng 
mixing time is based on what is known as ^ Stimulus Response 
Technique^. In this technique small amount of a suitable tracer is 
added to the bulk liquid in the form of an impulse and its response to 
the stirring of the bath CstimuliJ is recorded by measuring some 
easily measurable property of the bath. Based on this principle the 
following methods have been employed to measure the mixing time in 
room temperature baths: 

CaD A coloured dye is injected into the liquid bath and its 
spreading patterns are followed by making visual 

observations or taking photographs. 

CbD State of decolourization is traced after addition of a 
decolouring agent to a dyed liquid bath. 

CcD Warm liquid is used as a tracer and the temperature changes 
in the liquid bath are recorded with the help of 
t her mocoupl es . 

CdD After injecting a tracer impulse^ the concentration 
variation in the bath are recorded by either measuring pH, 
the electrical conductivity or refractive index. 

Without considering details of the mixing process it follows that 
the mixing times, t . ^ sire a function of the energy input per unit 

mass, k . An empiricaf relationship of the following form describes a 



large number of plant and model results. 


= C ... 3. 44 

mtH 

where C and n are t-he empirical cons'tan'ts. Mixing ■time may be 

correlated with bath diameter CD!) and height CHD in the following 
manner : 

ni 

t , = ir] ...3.45 

mtK 

where m is an empirical constant. 

3. 4* 4 Cl reflation Model 

In the circulation model the mixing time is related to the 

circulation time t of a liquid flow in a gas stirred vessel. 

Circulation time is the average time required for a liquid element to 
flow once around the vessel. A typical conductivity versus time curve 
after injection of a tracer would show successive peaks and valleys 

with gradually diminishing amplitude CFig. 3.13D - eventually these 

become almost undistinguishable and a steady state is obtained. The 
value of t can be obtained from such recorder chart by averaging peak 
to peak or valley to valley time intervals. 

Mathematically circulation time 

^ _ Volume of the liquid to be mixed 

o Vol umetr ic f low rate of the 1 i qui d in ' the' mi xi ng stone 

... 3. 46 

Since the liquid in the plume is assumed to be well mixed at any 
instant of time> the volume of liquid to be mixed can be taken as the 
volume of the liquid outside the plume zone in the vessel. Thus 



The circulation time is related to mixing time through the following 
equati on 


t = C . t ... 3. 48 

min i o 

where C. is the circulation number which is defined as the number of 

circulations a liquid ©lemont makes in the vessel before attaining a 
certain desired degree of mixing. In metallurgical engineering 
literature the circulation number is often assumed to be a constant, 
independent of operating conditions and an arbitrary value of 3 is 
used. Truly speaking both circulation time and circulation number 
should be functions of operating conditions. Using the experimental 



measuromen'ts of" one of our studies 
have been obtai ned : 


following empirical correlations 
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where from the modified Froude number is defined as 

2 
V 

Fr 




g h p-p 
I g 

V is the gas velocity at the nozzle exit 
S 


3. 51 


3^4. 5 Two Tank Model 

The two tank model is the simplest one of the partial volumes 
types. Its principle is shown in Fig. 3. 14. Within the partial volumes 
the concentr ati on is assumed to be homogeneous. A mass balance leads 
to the following expressions for the concentration C and C in the 
two volumes » if the tracer is added into 

C /Coc = 1 + V ^ exp C-ktD . . . 3. 53 

C /C<x = 1 - exp C-ktD ... 3. 53 

2 


with 

k = V C V 4^ 1/V D ... 3. 54 

1 2 

and Coc is the concentration after complete mixing. The mixing time is 
defined by a certain approach to the final concentration Coc * for 
instance t = t if C-^/Coc = O. Q5. 

The concept of two tank models can be extended to partial volume 
models with more than two tanks. Fig. 3.15 shows as an example a model 
of a gas stirred liquid divided into three partial volumes. The flows 
are indicated by arrows. 
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CHAPTER 4 


MASS TRANSFER AND KINETICS 

DIPAK MAZUMDAR 

4.1 INTRODUCTION 

Thermodynamic principles are applied to assess the feasibility of 
a reaction under a given set of conditions. At high operating 
temperatures, such as in extraction and refining of metals, the 
reaction rates are often very fast, so that the system under 
consideration can be essentially treated at equilibrium. Well known 
examples are the oxidation of some alloying/inpuri ty elements during 
steelmaking. However, most of the processes are not carried out near 
equilibrium and thus a knowledge of reaction rates, commonly known as 
kinetics is essential so as to properly analyze the process. 

Thermodynamic conclusions, as are well known, independent of the 
process path, which is not true of kinetics. The rate of reaction or a 
process is precisely a function of the path, that the process follows 
during its transition from an initial to the final stage. As the 
process path depends on a number of details as well as properties of 
the systems, kinetic predictions, in contrast to thermodynamics, are 
inexact or at best semi -quantitative. 

Since metallurgical systems in general consist of more than one 
phase, are therefore inherently heterogeneous in nature and hence in 
evaluating rates of metallurgical processes, one is primarily 
concerned with the rate of the associated heterogeneous chemical 
reaction. Consider, therefore, the following slag-metal reaction, 
viz. , 

CMn] + = CFel + CMn^'*’:) ...4.1 

This heterogeneous chemical reaction taking place at the slag -metal 
interface, consist of several steps, known as **kinetic steps" These 
are, for reaction C4.1D, as follows : 

CiD Transfer of Mn from bulk of the metal phase to the 

slag-metal inter face 

Cii!) Transfer of Fe^^ from bulk of the slag phase to the 

interface 

CiiiD Chemical reaction CA.ID at the interface 
CivZ> Transfer of Fe from the interface to the bulk metal and 
finally, 

CVJ Transfer of Mn*^ from the interface to the slag phase 

Step CiiiD is a chemical reaction step and is governed by the laws of 
chemical kinetics. In much contrast, steps CiD, CiiD, CivD and CvD all 
involve transport of species and hence are mass transfer steps. 

The kinetic steps summarized for the reaction C4.1D are in 

series, and hence, if any one of the five steps is prevented, the 



overall slag~met.al reaction would cease to occur. It is also evident, 
that the slowest kinetic step influences the overall rate most and 
consequently, determines the rate of the process. The slowest kinetic 
step is typically termed as the 'rate controlling or ’rate limiting 
step’. The conclusions drawn above, would Just be reversed if the 
kinetics steps are in parallel, because there the fastest step 
influences the overall rate most. However, it is never possible to 
conceive of a process where all the steps would be in parallel. 
Consequently, the slowest step in series, would essentially be the 
rate limiting step. 

From the above view point, the slowest step is the most important 
one and a major subject of all kinetic considerations is to find out 
what the slowest step is. Needless to say, other steps normally 
influences the overall process rate to some extent. Moreover, at 
times, there may be two or more slow steps whose rates might be 
comparable. However, owing to the complexity of such situations, 
typically one kinetic step is assumed to control the rate and others 
are assumed to be infinitely fast, and thus at virtual equilibrium. 
With such considerations, the rate of a process estimated alone on the 
basis of the slowest kinetic step would be the highest and naturally 
greater than the actual observed rate. Consequently, the rate of an 
overall reaction estimated on the basis of the slowest kinetic step is 
termed as the virtual Maximum Rate CVMRD. The virtual maximum rate 
thus is a measure of the intrinsic rate of the slowest kinetic step. 

4.2 MASS TRANSFER PROCESSES 

Mass transfer is concerned with transfer of a chemical species 
from higher to lower concentration. Mechanisms of mass transfer 
embody three different modes viz. , molecular diffusion, bulk transport 
via fluid convection and eddy or turbulent diffusion. These are 
considered below in detail : 

4.2.1 Mass Transfer Through Motionless Media 

A wide range of mass transfer phenomena in metallurgical 
operations relate to transfer within solids or equivalent stationary 
media. For instance, while a steel bar being carburized, a movement 
of interstitial carbon atoms take place by molecular diffusion Ce. g. , 
transport because of concentration gradients process. It is to be 
recognized here that with respect to diffusion phenomena through 
solids there is no coupling of atoms diffusing through a solid with 
the fluid flow equations. Diffusion process can be conveniently 
subdivided into steady state and unsteady state processes. 

The phenomenological law of diffusion is known as Fick’s first 
law and can be represented as : 
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In Eq. C4, 21 ) p N'^/A refers ^0 molar flux of species i across an x 

C plane normal to x axis. is the molar concentration of species i in 

moles per unit volume and thus dC represents the corresponding 

molar concentration gradient. D. is the diffusion coefficient or 

diffusivity and has a dimension of L^T~‘ . The negative sign on the 

right hand side essentially implies that concentration decreases along 
increasing x. Similar interpretations can be made for Eq.C4.3D. 

Every process analysis dealing with the interchange of mass 
between various locations in a system, should involve the equation of 
mass conservation. Hence, the solution to a mass transfer problem must 
combine the adequate expression of transfer Ce.g. , Pick’s lawD with an 
appropriate mathematical statement of mass conservation. The resulting 
differential equation is then solved by means of appropriate boundary 
conditions. Thus, in a 3-dimensional domain mass balance for a species 
i can be conveniently formulated as : 
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corresponding expression interms of molar units is : 
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V. N. •■ + R”’ = ^55^ . . .4. 5 
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In Eq. C4.5D, SC. represents the rate of mass accumulation, while ft' 

is the volumetric rate of mass generation Cvia any chemical reaction 
or soD . Furthermore, the differential operator V may be conveniently 
expanded for the three space directions and in different co-ordinate 
systems by standard mathematical relations. 

The boundary conditions as applied to Eqs.C4.4D and C4.5Z> depend 
on the physical and chemical characteristics of the system and 
typically take the following forms : 

CaD solute concentration at boundaries known 

Cb3 mass or molar flux of solute through boundary known, 

CcD inter facial activities of solute in the two adjacent phases 
identical and finally 

Cdj interfacial instantaneous molar fluxes stoichiometrically 
def i ned 

Eqs. C4.43 and C4.5j in conjunction with the Pick’s expression and the 
appropriate boundary conditions define mathematically the diffusive 
mass transfer process completely. This presupposes that the 



di f'f usi vi 'Ly of t-he species in the syst-em under consideration is known. 
Values of diffusion coefficient of different species in widely varying 
media can be obtained readily from the literature. 

4. 2. 1.1 Pseudo steady state diffusion 

Consider the process of oxidation of metals, where the thickness 
of the oxide layer increases as a function of time. Conceptually, this 
is clearly a process of unsteady diffusion. However, as most of the 
oxides are stoichiometric compounds, the overall composition 
differenced across the growing oxide layer is not appreciable. 
Consequently, the accumulation terms in Eqs.C4.4D and C4.5D are 
negligibly small. Therefore, the steady-state versions of Eq. C4.4D and 
C4.5I) is applicable to diffusion across the oxide layer. Similar 
considerations apply to reduction of metal oxide by any reducing gas. 
The reduced metal layer which covers the unreduced core of metal oxide 
is porous and allows diffusion of gases through the pores. However, 
the pores have little capacity to accumulated gases as compared to the 
rate of gas supply required to perform reduction. Hence the 
accumulation term can be conveniently ignored for diffusion across the 
porous layer. 

However, diffusion in the above examples are not steady in a 
macroscopic sense, since the diffusion path length Cthickness across 
which diffusion is taking placeD is a function of time and from this 
point of view the diffusion is an unsteady process. Therefore, the 
examples are in between steady and unsteady diffusion and belong to 
the category of pseudo steady state diffusion. 

4.2.2 Mass Transfer in Convective Flow Systems 


In the preceding section we were exclusively concerned with 
metallurgical examples of systems in which there was no bulk motion of 
the substance through which or across which mass was being 
transferred. There are, however, a wide variety of systems in which 
mass transfer mass transfer occurs as a result of both convection and 
diffusion processes Cmolecular and/or turbulent diffusion^. In any 
system involving convection, convective components of mass flow 
generally dominate molecular transport components, except in those 
regions, such as boundary layers, where the speed of the flow is much 
reduced. Thus to be able to estimate heat and/or mass transfer rates 
in connective flow system knowledge of flow is essential. 


4. 2, 2. 1 Mass transfer at solid-fluid Interface 


In the immediate vicinity of the solid-fluid interface, a 
concentration boundary layer exist in the fluid side during mass 
transfer between a solid and a fluid. At the solid fluid interface, 
diffusion is the only mechanism of mass transfer and it can be show 
that Csee Fig. 4. ID: 
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Further more 


the mass transfer 
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is the effective concentration 


boundary layer thickness. Q and refer to surface, and bulk 

concentration of species i respectively. 6 and hence depend 

on transport properties of fluid Cp. p, D etc.:), nature of flow 

Claminar or turbulent^, geometry and size of the system. More intense 

is convection, smaller is <S and therefore larqer is K^' . 

c,*ff ^ m 


To infer mass transfer rates in convective flow systems, 
typically has to be estimated. Towards this, dimensionless numbers 

are widely employed, which for example include, Reynolds number CRe = 

UL/J>5 , Grashoff*s number CGr = p\^^g | Ap/p | , schmi dt number CSc=3>/DD 

and Sherwood number CSh = L/D . In these, U is a characteristic 

m L 

velocity of the system, v is the kinematic viscosity of the fluid 
C=p/'pD, p is the density of the fluid and E) is the diffusion 
coefficient of the concerned species. 

In general , Sh = B Re*” Sc** , for laminar forced convection 

... 4. 7 

and Oh = B'Gr*”^ Sc**^ for laminar free convection 

. . . 4. S 

In addition, for turbulent flow situation, dimensionless numbers such 
as turbulent Reynolds number CRe^ = etc. are also applied. 

In Eqs. C C4.7D and C4. 8D B, B’ , m, n etc. are constants within 
ranges of Re, Sc and Gr. These are mostly same for equivalent heat 
transfer situations many such values have actually been derived from 
convective hat transfer studies. Some typical mass transfer 
correlations may be obtained from analogous heat transfer 
correlations. Only Prandtl number should be replaced by Sc and Mussel t 
replaced by Sh for this purpose. 

4. 2. S. 2 Mass transfer between two fltilds 

Reaction between two fluids is exemplified by those of molten 
metal with molten slag, molten salt or gas. Mass transfer processes 
between two fluids essentially fall under the surface renewal 
phenomena, which accounts for the fact that unlike the solid-fluid 
interfaces considered earlier, interfaces between two fluids are 
essentially deformable and consequently, velocity, turbulence etc. are 
not zero at the interfaces between the two fluids. 

If the viscosity of one of the fluids is appreciable in 
comparison to that of the other, it can be conveniently demonstrated 
that in the high viscosity phase, mass transfer would be exclusively 
via diffusion process. Moreover, since the surface is getting renewed 



coirLi nuousl y due to flow at the interface, the diffusion process is 
essentially unsteady. Further, the geometry of the diffusing medium 
may be treated as semi -inf ini te, since exposure time of a fluid packet 
to the diffusing species is relatively small. 

For such a physical situation, starting from the first principle, 
it can be shown that: 


k" = 2 [-^ 1 ^''^ . . .4.9 

e 

in which te is exposure time for mass transfer. Estimation of , 

from Eq.C4.9!> allows one to deduce the corresponding mass transfer 
rates. It is important to mention here that Eq.C4.9D is strictly valid 
when the flow conditions at the interface is essentially laminar. The 
mass transfer model represented via Eq.C4.9D is popularly known as 
"Higbie's surface renewal model". 

Application of Higbie's Theory is straight forward provided 
assumptions are valid and value of t is available. However, in 
practice the flow is turbulent. For suc^ situation Danckwerts proposed 
another surface renewal theory. He assumed movement of eddy packets to 
and from interface as cause of surface renewal Ce. g. , commonly termed 
as eddy or turbulent diffusion^. If eddy clement is assumed to be 
rigid, the mass transfer taking place within the eddy is therefore by 
pure diffusion. Similarly, assuming the residence times of eddy 
elements at the interface to be random, Danckwerts derived that : 

K** = CD.SO*'^^ ... 4. 10 

m t 

in which, S is the surface renewal factor and is an experiment alloy 

determined parameter. It is important to recognize here that both 

Higbie*s and Danckwert’s Theory predict that K c* V D. , whereas 
boundary, layer theory predicts a more strong dependence of on D 

Cviz. , K'' ot D.D. 

m V 

4.3 THEORY OF REACTION RATES FOR HOMOGENEOUS REACTIONS 


4.3.1 Kinetic Laws 


The kinetic laws govern relationship between velocity of a 
chemical reaction and various parameters such as concentration, 
temperature and pressure. Chemical reactions are specific in nature 
and, therefore, the rate expressions are determined experimentally. 
The instantaneous rate of a reaction may be expressed as -dC /dt or 
dC /dt where C,,. and C^ are the instantaneous concentration of the 
reSctant and the product respectively. 


The manner in which the rate of reaction depends on the 
concent i«> at ion may be indicated by stating the order of the reaction, 
which has to be determined experimentally. Thus in a reaction 
involving A and B as reactants, if it is found experimentally that : 


■ ! ’■ ci' ■ 


t Q 

--rrToKnu 



rat-e 


...4.11 


= K 

A B 

then, the order of the chemical reaction is Ca+bD. 

In Eq.C4.11D, K is the rate constant, which is also known as the 
specific rate of the chemical reaction. In general, K has been found 
to increase with increasing temperature. In a limited range of 
temperature, the variation has been universally found to obey : 


log K = A - 5 

T 

in which, A and B are two constants. 


. . . 4. la 


The rate of a chemical reaction depends on the mechanism Ci.e. , 
the pathD of the reaction. Therefore, it is essential to obtain much 
insight into the overall reaction mechanism. The formation of the 
final products from the initial reactants always takes place by one or 
more relatively simple steps, in each of which extent of atomic 
rearrangement is a minimum. The overall chemical reaction may be 
assumed to be influenced most by the rate of the slowest steps C cal led 
the elementary stepsD. Similarly, the order of a chemical reaction is 
the order of the rate controlling elementary step. 

4. 3. 2 Law of Mass Action 


This states that rate of a chemical reaction is proportional to 
the product of the active masses of the reacting species. Active mass 
strictly implies activity. However, t 3 ^ically molar concentration or 
pressure are also used. 

Thus for any reaction, 

A + B * C + D ... 4. 13 



according to the law of mass action one may write 

Rate = K C C - K C C ...4.14 

f A B b C D 

in which, K and K are respectively the forward and the backward 
rate constants which C represents the molar concentration per unit 
volume. 

At equilibrium, obviously, rate = O and thus Eq. C4.14:) can be 
conveniently simplified to : 


C C 


K , in Eq.C4.1SD represents the equilibrium constant. In principle, 
ratios of activity should be employed in Eq.C4.1S:>. However, in view 
of lack of knowledge on activity or difficulties to use the same, the 
above approximation is normally accepted. 



Rearranging Eqs.C4.14D and C4.15D» one may also write : 


Rat® 


CC C 

A B 


c c 
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This is the rate expression for a reversible reaction, which is 
occurring under conditions close to equilibrium. In contrast, Tor 
irreversible reaction Cassuming only, forward reaction sayD , 

Rate = C C 4 17 

One would readily see the resemblance between Eqs.C4.17D and C4.11D, 
mentioned already. 

4.3.3 Arrhenius Equation 

Equation C4.123 show the dependence of the rate constant with 
temperature. Arrhenius made further advance is this direction by 
attempting to explain such a variation. The concept of an activation 
energy barrier CFig. 4. 2D between reactants and products was thus 
introduced by Arrhenius to justify the exponential variation of rate 
constant with temperature, e. g. , 

K = A exp C — E/RTD . . .4.18 

where, E and JC are synonymous to E and K ^ respectively. A, the 
preexponential in Eq. C4. ISD is known as ‘the frequency factor. 
Physical significance of and are shown in Fig. 4.2. Equation 

C4.18D is the well known Arrhenius equation. This has been successful 
to correlate K with temperature for a variety of experimental data. 

4.3.4 Theory of Absolute Reaction Rates 

In view of the success of the Arrhenius equation in chemical 
kinetics, numerous attempts have been made to Interpret the frequency 
factor CAD and the activation energy CED from theoretical stand 
poi nts . 

Activation energy of the reaction is determined experimentally by 
plotting log k as function of 1/T. On the other hand, the frequency 
factor can be explained fundamentally from the theory of absolute 
reaction rates. The theory is essentially based on Arrhenius concept 
of energy barrier and principles of quantum mechanics. Detailed 
considerations are available in standard texts. 

Theory of absolute reaction rates has been applied not only to 
chemical kinetics but also to a variety of physical rate processes, 
such as viscous flow, diffusion etc. . 

4.4 KINETICS OF HETEROGENEOUS CHEMICAL REACTION 

As mentioned already, heterogeneity in the characteristics of 
most metallurgical processes. In section C4.1D, a typical 



heterogeneous chemical reaction . and the associated kinetic steps have 
been considered. There, the desulphurisation chemical reaction 
essentially occurs at the phase boundary separating the slag and the 

metal phase. Obviously, the rate of the overall chemical reaction is 
proportional to the inter facial area. This is in direct contrast to 
homogeneous chemical reactions, whose rates are proportional to 
volume. A reaction occurring at interface, is further different from 
homogeneous reaction from the following view points, e. g. , 

Cal) adsorption of reactants into the interfacial layer, 

CbD chemical reaction amongst the absorbed species, and 

CcD desorption of products into the bulk, which is the reverse 
of the adsorption process 

Adsorption refers to incorporation of a species into the 
inter facial layer, which may be assumed to be few atomic layers thick. 
Adsorption is classified as physical adsorption and chemical 
adsorption or chemisorption. In physical adsorption, attractive forces 
causing adsorption is relatively weak Ce. g. , typically Vaderwall’s 
type of forces are involved!) and is predominant at low temperature. In 
contrast, in chemisorption Cprevalent at high temperature!), definite 
chemical forces are active on the surface and exist between the 
adsorbed species and the substrate. Heat evolved as a result of such 
adsorption is of the order of 40 to 400 KJ/mole. The adsorption is 
essentially irreversible. 

The equilibrium relations for the adsorption process at constant 
temperature are known as adsorption isotherms. Popular adsorption 
isotherm include : 


Ca!) Langmuir adsorption isotherm Calso known as ideal adsorption 
isotherm and 

Cb!) Gibb's adsorption isotherm 


According to Langmuir adsorption isotherm, for a gas adsorbed 
undissociated on a bare surface site, one can show 


e 

i-e 


K 


P 
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in which, 6 is the fraction of the site covered, the equilibrium 

constant for reaction G + S ^ S . and p is the partial pressure of 
the gas. 

When one is concerned with liquid surfaces, Gibb's adsorption 
isotherm is more appropriate, and accordingly : 



dy/ dp 
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where, p is the chemical potential of the i being adsorbed in the 
liquid phase, y is the inter facial tension, and H is the excess 

surface concentration of the adsorbed species Cper unit area of the 
surface!). If species i be surface active, then I? is positive and it 



leads to decrease of as increases. 
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SECONDARY STEELMAKING PROCESSES 



CHAPTER 5 


FLUID FLOW AND MIXING IN LADLES 

DIPAK MAZUMDAR 


5.1 FLUID FLOW IN LADLES 

The chemical efTiciencies of “typical processing operations 
carried out in steel making ladles ladles are intrinsically related to 
their hydrodynamic performance. Practically> all ladle techniques 
presently used have one thing in common : most in one way or another 

employ gas Cmostly non-reacti veZ) > injected through a submerged lance^ 
porous plug or nozzle to stir the contents of the ladle. It is rather 
well known that the normal injection of gas into liquid metals is 
accompanied by the formation of very large bubbles » which are 
typically spherical cap Cor MushroonrO type. In aqueous system,, 
however > at equivalent flow rates » these bubbles could be far smaller 
and of the pore dimension of the plug. It has also been established 
that bubbles forming at nozzles or orifices rapidly devolve into a 
plume of spherical cap bubbles and is particularly typical of numerous 
processing operations carried out in the steel making ladles Ci:>. 

The injected gas while rising as a plume to the free surface Cthe 
plume results as the bubbles entrains the surrounding liquid during 
their rise!) induces turbulent recirculatory motion of fluid Ce.g. > 
steel j within the vessel and this effects mixing^ promotes chemical 
react! on » minimizes temperature and composition inhomogeneities and 
may aid in inclusion agglomeration and float out. Despite such 
important role of fluid mechanics in processing ladles^ no 
comprehensive study of hydrodynamics in full scale liquid metal 
processing ladles can be attempted. This is to be anticipated since 
high temper at ure^ visual opacity and relatively large sizes of the 
industrial units often pose serious experimental difficulties. 
Consequent! y» aqueous systems have been widely applied to identify the 
hydrodynamic phenomena at work during ladle refining operations CThe 
basis for use of water as the representative fluid has been discussed 
elaborately in ch.llD. Parallel to this mathematical modelling is 
often done and extrapolation of this to the actual industrial systems 
provide useful insight. 

5.1.1 Estimation of Macroscopic Flow Variables During Gas 
Injection Into Ladles 

The qualitative pattern of the flow at typical flow rates 
generated in a cylindrical vessel during central injection of gas is 
shown in Fig. 5.1. This shows a recirculating vortex located high in 
the ladle and displaced toward the outside wall. Thus> a strong 
outflow of high velocity liquid from the bubble plume passes across 
the top surface of the liquid^ is deflected down the side walls of the 
ladle> and is then turned back toward the rising plume. It is also 
readily apparent that most of the high velocity regions are confined 
to the free surface and the plume region, while elsewhere in the bath, 
the flow intensity is seen to be rather weak. 



Th^ a.ssocia'ted field of t-urbulence viscosify Cor diffusi vifyD is 
shown in Fig. B, 2 &nd "this shows ‘Lha.'L higher velues ere locet.ed in t/he 
upper liquid regions adjecenf fo t.he plumes. The velocity field 
■toge'ther wi*Lh "turbulence kinet.ic energy in ledles during ges inject^ion 
is of considerable interest, and concern from bhe view points of 
identifying regions where mixing is at maximum and where alloying 
addition might at best be introduced. Consequently > it is important to 
know the distribution of ^flow parameters in gas stirred ladles as a 
function of operating variables^ such as gas flow rate» liquid depth, 
vessel radius and so on. 

It is well known that ladle processing typically employs low gas 
flow rates and therefore, the effect of the kinetic power of the input 

2 

gas CO. 5 mu !> on the induced flow is considerably less C2:> C<10%0 , 

Indeed, the potential energy afforded by the rising bubbles through 
the liquid has been identified to be the principal mechanism producing 
flow recirculation in ladles. Knowledge of the rate of potential 
energy input or the associated force Cviz. , the buoyancy!) acting on 
the liquid is necessary, if the ultimate objective is to throw light 
and draw useful inferences on fluid velocities and turbulence levels 
in the reactor vessel. It is important to recognize here that input 
energy in ladles at steady state is dissipated via several mechanisms 
and this for example, include : 

Ci!) the turbulence energy dissipation loss 
Cii!> the interphase friction loss Ce.g. , bubble slippage!) 

CiiiD losses due to the formation of waves and droplets at the 
free surface as well as friction at the walls and finally, 
CivD losses due to the interaction of the overlying buoyant slag 
phase with the bulk liquid 

The extent of loss of energy due to slag -metal interactions is 
difficult to quantify and not much is known on this. It has been 
generally accepted that thermophysical properties of the slag as well 
the 1 attends thickness over the bulk phase influences the loss 
significantly C3:>. On the other hand, waves and droplet formation at 
the free surface and friction at the wall put together dissipates only 
about 10% of the total potential energy input rate. 

Thus , consi der i ng an i deal no si ag si tuati on , the expr essi on of 
energy balance in gas stirred ladle system can be represented as : 

E, ^ "E + E ... 5. 1 

i t,i> ®>i> 

in which* ^ is the rate of potential energy input to the ladle 
C= gOL> , ^ is the turbulence energy dissipation loss and E^^is 

the loss owing to the bubble slippage Cviz. , the interphase frictionD. 



The poterit-i al energy input- rat-e can also be expressed as : 

E = Cp g « V:> U ... 5.2 

X L« p 

in which > <x i s tho gas volume fraction in the plume» U is the average 

p 

rise velocity of the plume and V is the volume of the two phase plume. 
Note that the bracketed quantity in Eq. C5. 2D represents the buoyancy 
force that is exerted on the bulk liquid essentially because of the 
density deficit in the rising plume with respect to the bulk liquid. 

On the basis of Eq.C5.1D> one can also write : 




E 


...5.3 


In Eq.C5.3D>y) represents a fraction governing the rate of generation 
and dissipation of turbulence kinetic energy in the bath. 


An adequate expression, for E can be derived considering any 


existing turbulence model and this on the basis of the k-e 
be represented as : _ 


E =6. 033 

t , 0 


Up R 
0 


vXa 


Q 




model , can 


... 5. 4 


In Eq.C5.4D, U is the mean or average speed of recirculation of the 
bath, R is the vessel radius and Q is the gas flow rate C corrected to 
mean height and temperature of the liquidD. 


Thus the appropriate energy balance equation becomes : 


n p g Q L = 6. 033 


u*p 

0 


5. 5 


Taking = O. 3 as a typical value for gas stirred ladle C3D, one can 


conveniently derive an appropriate expression for 
in terms of the operating variables as : 


mean speed , U , 


U - O. 31 


jiX4 
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R 




Further more, incorporating the empirical relationship CID, viz. 


y =0.18 . . .5.7 

into Eq.C5.65, the explicit expression for average plume velocity. 

can be derived according to ; 


* 


U =4.5 l^''* / 
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As seen from Eqs.CS.e!) and C5. 85 , the mean speed as well as the plume 
velocity increase according to the third power of the gas flow rate 
when recirculating flow is induced within the confined mass of liquid 



in the ladle. Similarly^ and U are predicted to increase relatively 

weakly with bath depth CLD and to decrease with vessel radius CRD. It 
is> therefor e» apparent that a wider vessel, having more liquid, would 
slow down the speed. In contrast, Tor a given gas flow rate, a greater 
depth of^ liquid would impart more energy to the liquid increasing the 
circulation rates. 

Some inferences on the turbulence characteristics in the gas 
stirred ladles can also be made through similar macroscopic 
consi der ati ons Ce.g. , see ref. ID, CDn the basis of estimated mean 
speed, average turbulence intensity etc. , important estimates can be 
made of numerous transport processes such as melting, dissolution, 
dispersion, mixing etc. . It is also important to note, that in view of 
the relatively small value of t) » bubble slippage etc. appear to 
dissipate quite a significant part of the input energy. Consequently, 
the size of the bubble in the system and hence the mode of gas 

injection would exert some influences on the hydrodynamics of the gas 
stirred ladle system. 

S, 1 • 2 The Possible Influences of the Upper Slag Phase on the Fluid 

Dynamics of Gas Stirred Ladle Systems 

The pouring of liquid steel from a furnace into a ladle generally 
leads to uncontrolled amounts of slag carry over. Being lighter, the 
slag separates to form an upper phase of variable thickness. It is 
well known that while the insulating property of the slag are 

generally beneficial for maintaining liquid steel temperature, its 
chemical characteristics are often detrimental. EXiring gas injection 

into ladles, the upper phase interacts in a complex manner Csee 

Fig. 5. 3D with the bulk liquid steel, and the deformable buoyant slag 
phase as a result dissipates a considerable part of the input energy 
C3,4D. 


Results of comprehensive water model investigation on the 
dynamics of slag metal interactions in ladles or- similar 
transfer /processing vessels indicate that the slag phase in the 
immediate vicinity of the plume *eye^ would undergo considerable 
deformation and this plays a key role in dissipating the input energy. 

In contrast, the tangential shear generated at the slag-metal 
interface plays a relatively insignificant role. To issustrate this 
point further. Fig. 5.4 has been included, where the variation in total 
specific kinetic energy of motion in the ^ ^ 

Cl. e. , the mean kinetic energy = O. 5 U 1 . 5U D as a function of the 
specific energy input rate C=rate of potential energy per unit mass i.e. , 
p g O L X p n R*LD has been shown for three different conditions 
vi*z. , with an*^over 1 yi ng phase, no overlying phase and with an wooden 

block on top of the bulk liquid. It is at once seen that the total 

energy of motion is drastically reduced in the presence of the 
overlying slag phase at all specific energy input rate. This 
dissipation has been attributed to the potential energy required to 
maintain a deformed oil mass at the oil/water Cslag/metalD interface. 

It is interesting to note that the kinetic energy motion within the 

ladle is proportionately decreased from the slag free case with 



increasing gas flow rat-e Cviz. ^ increasing specific energy input 
rate3 . 

These results from model studies also indicate that a significant 
portion of the input energy to a gas stirred ladle can be dissipated 
by an overlying slag phase > during industrial argon/ni trogen stirring 
operations. This dissipation of input energy in consequence will lead 
to a decrease in both the mean and turbulence kinetic energies of 
motion in the bulk steel and may therefore significantly affect the 
rates of numerous processes viz. ^ alloy melting/dissolution» thermal 
and particulate mixing etc.. The dissipation^ as one can anticipate 
should be related to the thermophysical properties of the slag and its 
thickness over the liquid steel. In view of these » the presence of the 
overlying slag phase would necessarily require a higher specific gas- 
consumption rate so as to lead to compatable rates of various 

transport processes under equivalent no slag situation. 

5. 1 • 3 Application of the Fluid Flow Theories to Industrial Ladle 

Gas Injection Operations 

Cil) Estimation of the required protective slag thickness : 

EXiring gas injection into ladles^ the bubbles escape to the 
surroundings through an opening created by the plume eye on the 

overlying slag phase. This leads to the dome shaped structure 
C typically called the spoutD of the slag/air inter face » through which 
considerable amount of thermal energy from the liquid steel normally 
escapes to the ambient medium. Similarly^ the disturbances created in 
the vicinity of the ^eye* can also lead to significant amount of gas 
absorption by the bulk liquid steel. In view of these, it is of 
extreme importance and concern that the required thickness of the 

protective slag layer be known ct px-iari cor respond! ng to a set of 

specific operating conditions. 

Since the kinetic energy of the plume is converted into potential 
energy at the plume centre line. Therefore, from energy balance point 
of view, it follows : 



Consequently, using the previously mentioned plume equation Cviz. , 
Eq. CB. Gi)!) , it is seen that h C height of the dome above the free 

surTac®!) is approximat-ely 30 cm in 150 t. vessel C aspect ratio, L/D =1!> 

at 1 Nm" per minute inert gas injection rate. It is to be emphasized 
here that visual observations of industrial vessel also provide 
estimates that agrees reasonably well to the values deduced on the 
basis of Eq.CB. QD. 

Cii:5 Inferences of solid liquid mass transfer rates : 



A correlation for estimating mass transfer rates in 
axi symmetric gas bubble driven agueous system has been proposed 
recently by the present author C5D, e. g. , 

Sh = B.ei CRe CTO®-®* 5 lO 

loc,r ... 

In the plume region of a gas stirred ladle. Eq.CS. lOD can be 
conveniently represented as : 

Sh = 5. 81 C d U p ^0.57 ...5.11 

P 

Incorporating the plume equation into Eq.C5.llD and considering Ti= 
0.3 as typical of gas stirred ladle system C4D. one can readily 
simplify the preceding equation for d = O. 01m and D = 3x10“® m*/s to .- 

Stx = 1855 Q®' ... 5. 12 

Proc^odin0 f'urt.h^r » <^xplic±t^ r^laL-tionchip t>r 

ao&ftici^n't a.nd gas flow rafe is obtained as : 

K = 3.7x10“* Q®-‘® ...5.13 

<3»»V 

It is important, to note here that the exponent on the gas flow rate, 
Q, as indicated by Eq.C5. 13D is practically equivalent to those 
deduced experimentally in the plume region of high temperature Fe-*C 
melts Csee Fig. 5. 51). 

5.25 MIXING IN LADLES 

The intrinsic efficiencies of many chemical processing operations 
carried out in the present day steel making ladles are intricately 
related to the phenomena of fluid flow and mixing. Mixing in transfer 
or holding ladles has become particularly important with the 
developments of processes like continuous casting and secondary 
steelmaking. To promote mixing in ladles, gas stirring is typically 
practiced Cas this provides a relatively inexpensive source of 
stirring energy^ in which, gas is injected through a porous 
plug/submerged lance/nozzle. The gas rising as a two phase plume to 
the free surface, induces a recirculatory motion of liquid and 
generates turbulence which, in addition to controlling the rate of 
dispersion and homogenization of alloy additions aids in removing any 
thermal or particulate inhomogeneities. Therefore, without proper 
mixing, chemical /thermal and/or particulate inhomogeneities can 
originate and induce unacceptable variabilities in the final product. 

The subject of mixing in processing ladles, is therefore of 
considerable technoeconimic importance and has justifiably received 
much attention over the last decade or so C6,7,8D. As a result, the 
influences that the operating variables exert on this important 
phenomenon is known with reasonable degree of certainty. 



5 . 2 * 1 


The Ml xl ng Phenomena 


Mixing resulls Trom a combi nat^i on of many phenomena » viz. > 
molecular diffusion^ bulk mofion and eddy or “Lurbulenb diffusion. Any 
of bhese mechanisms alone is nob adeguabe for complebe or perfecb 
mixing Ce. g. > uniform mixing down bo bhe molecular level!!) even if 
exbremely long period of bime is allowed. Consequenbly, from bhis 
poi nb of view» all bhe bhree mechanisms are exbremely imporbanb. 

The bulk mobion of fluid associabed wibh burbulence in ladle is 
responsible for long range Cviz. » macroscopic!) mixing. The bulk mobion 
leads bo disinbegrabion of large size pockebs of fluids inbo smaller 
and smaller clumps C cal led eddiesD. Dispersion of such clumps in bhe 
bulk liquid assisbs in bhe mixing process > and consbibubes bo bhe eddy 
diffusion mechanism of mixing. The disinbegrabion of clumps^ however » 
cannob conbinue i ndef i ni bel y. Beyond a parbicular size> viscous forces 
prevenb furbher shearing of bhe clumps. Even ab bhis sbage, bhe liquid 
is nob per feebly mixed and inhomogeneibies exib on microscopic scale. 
Furbher homogeni zabi on is possible Cviz. » micromixing!) only by 
molecular diffusion. The berm mixing generally, bherefore refers bo 
macro mixing which is bhe resulb of bhe bulk mobion and eddy diffusion 
Cviz. » bhe eddying mobion!) mechanisms. 

5* 2# 2 The Degree of Mixing 

In general, mixing bimes have been used bo express bhe bime 
wibhin which a vessel ^s liquid conbenbs can reach a sbabe of chemical 
and/or bhermal sbabiliby. Various proposals have been made bo 
characberize bhis sbabe of sbabiliby and bhis essenbially follows from 
bhe fundamenbal definibion of bhe degree of mixing, e. g. , 

c - c. 

Degr ee of Mi xi ng C = — . . . 5 . 1 *4 

in which, is the initial uniform concentration, is the final 

uniform concentration Cviz. , the bulk concentration^ after complete 
mixing and C is the concentration measured, which obviously is a 
function of the spatial co-ordinates and time. Clearly, if a* O, 



and hence any arbitrarily assigned degree of mixing Csay would 

imply C =0.05 C^ . 

To illustrate this point further. Fig. 5. 6 shows the variation of 
C/C^ C= the ratio of local to bulk concent r at ion5 at three different 

locations in a gas stirred bath. There it is readily apparent that the 
rate of mixing in different regions are markedly different. For 
example, near the bottom of the ladle, mixing is extremely sluggish, 
since hydrodynamics and turbulence there are relatively weak. Further 
more, it is seen by the time region A approaches the 05 pet. mixing 
mark, the bulk of liquid is practically homogeneous. Consequently, 
measurements near region A is more representative of the 'bulk 05^s 



mixing t^ime Tor t.he ent/ire 1 adless cont.en'L “than are t.hose derived 
from locations B and C. It is important to noto hero that similar 
conclusion emerges from Fig. 5. 6 > if one considers a QQ% mixing 
criteria instead of . Finally, the definition of degree of mixing 

is a variable one and the criterion adopted may be specific to a a set 
of" operating conditions depending on the end r egui rements. 

5. 2* 3 The Influences of Operating Variables on Mixing 

A host of variables affect the rate of fluid mixing in ladles, 
which for example include, 

CiD the injected gas flow rate, 

CiiD the depth of liquid, 

Ciii!> the vessel radius, 

C i v> the mode of gas injection Cviz. , 1 ance/tuyer e/porous plug 

e* t c • , 

CvD the location of the injector Cviz. , centre/off centred and 
finally, 

C vi D the physical characteristics of the overlying slag phase. 

Any comprehensive experimental program undertaken on full scale 
industrial ladles to ascertain the direct influences of the above 
parameters on mixing times would pose considerable experimental 
difficulties. Large size of industrial units, high temperature Ce.g. , 
iu 1600 O and visual opacity of liquid metal obviously makes such 
processing units less than convenient case studies. Alternatively, 
aqueous physical modelling of gas stirred system provides a simple, 
yet an effective approach for determining the dependence of mixing 
time on various operating variables. 


Nakanishi and Coworkers COZ> on the basis of extensive trials on 
high temperature industrial units as well as on water models of argon 
stirred ladle claimed that mixing times in reactor vessels follow an 
universal relationship of the form 

T = 12. 68 X 10® £ . . . S. 16 

m m 

in which, T is the 95 pet. mixing time Csec.D and k is the rate of 

m m 

energy input per unit mass of the liquid CW/kg3. This relationship has 
become very popular and widely accepted by the industry Cso Fig. 5. 7D. 
However. Eq.C6.16]) implies that the specific shape of the vessel, mode 
of energy input etc. have no effect on mixing times. 


Subsequently, Asai and Coworkers CIOD attempted to characterize 
mixing phenomena in terms of eddy diffusion and fluid convection. On 
the basis of extensive measurements over different size vessels, an 
empirical correlation for estimating mixing times has been proposed 
for gas stirred ladle systems according to : 


T 


27. 4 £ 


-i.ya 
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The authors highlighted the possible influences of vessel geometry and 



gas injection configuration on mixing times. 


More recently^ a comprehensive theoretical and experimental 
investigation has been reported by Mazumdar and Guthrie C113 on mixing 
times in cylindrical ladles agitated by a centrally risjLng bubble 
plume. For specific energy input rate greater than 6 x W/kg, a 

correlation for estimating mixing times in cylindrical tanks CO. 5 
L/D ^ S3 during central gas injection has been proposed according to : 


T 

m 


S6. 4 
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03*^® L 
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in which ► (3 is the fractional depth of lance submergence ► Q is the gas 
flow rate corrected to mean height and temperature Cm®/s3^ R is the 
vessel radius Cm3 and L is the depth of liquid in the ladle Cm3. 


As the energy input rate into the system derives from the 
potential energy supplied by the rising gas bubbles » the energy 
input rate per unit mass, e becomes : 

m 

e = p g ft Q L y' p rt R^L ... 5. 19 

tf\ “Lt L. 

with this, Eq.C5.183 can also be rewritten in the form : 


m m 
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It is instructive to recognize here that Eq.C5. 203 is practically 
equivalent to the one proposed by Asai and Coworkers Cviz. , 
Eq.C5.1333, though derived from completely different stand points. 


Equation CB. 163 further indicates that in addition to the 
specific energy input rate, the geometry of the vessel CR and L3 
considerably affects the rate of mixing. It is also clear since mode 
of gas injection Cviz. , lance, nozzle or porous plug3, as well as the 
presence of the overlying slag phase determines the rate of specific 
energy input rate to the system, consequently mixing time is expected 
to depend on these operating variables as well. Obviously, with the 
increase in the fractional depth of lance submergence, ft , the gas 
flow rate, Q and the bath depth, L while mixing rate would go up, any 
increase in the diameter of the vessel in contrast would drastically 
retard the rates of liquid mixing. 

B* 2. 4 Fundamentals of Mixing Time Calculations in Axisymmetric Gas 

Bubble Driven Systems 

In the presence of a two dimensional velocity field, with no 
generation, the conservation of a tracer, m^ , is expressed in terms 

of cylindrical polar co-ordinates, according to ; 




Tho sol ut*i on "to Ec|.C5.21D in *th© presence oT & known velocit/y end 
"turbulence dirf“usiviby rield is bhe essence bo bhe * bheorebi cel mi xi ng 
limes ^ CDelails of* Ihis will be leken up leler in Ihe chapler 
"Physical and Mathematical Modelling of Secondary Steel making 
Processes"!). Thus, the adequacy of Eq.C5.18D can be tested for 
industrial systems with reference to the equivalent estimates derived 
via the exact differential model of mixing Cviz. , Eq.C5.21DD. 
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CHAPTER 6 


ALLOYING OF STEEL 

DIPAK MAZUMDAR 


The practice of adding alloying materials to molten steel bath is 

an integral feature of steel making operations. In the industry, where 

production of large tonnages of various grades of steel are involved, 
there is considerable interest in trying to achieve optimum steel 
quality at minimum cost. The problem of reaching 
mul ti ""f aceted > in that a wide variety of metallurgical, 
operating factors enter the picture. While the amount, 
mode of ferroalloy addition will vary from plant to 
fundamental factors will determine how quickly these 


thi s goal i s 
commercial and 
sequenci ng and 
pi ant , var i ous 
addi t i ves will 


mel t , di ssol ve 
liquid metal. 


and incorporated homogeneously into large bodies of 


Since the time a cold lump of ferroalloy is projected into the 
molten steel bath, numerous complex thermal and hydrodynamic phenomena 
Cviz. , melting and/or dissolution, dispersion etc.D are involved, till 
the ferroalloy is completely assimilated into the main bulk ^f liquid 
steel. It is first appropriate to review the various thermal events 
that take place during melting and/or dissolution of typical 
additions. 


6,1 MELTING/DISSOLUTION MECHANISMS 

The early stages of an addition's immersion history involve heat 
transfer from a hot bath of molten steel to a colder solid. Following 
heat "-up of the alloy towards the steel bath temperature and its 
approach to thermal equilibrium, the addition must dissolve in the 
steel. If metallic, an addition often follows one of the two main 
paths before it is mixed into the bath as illustrated in Fig. 6.1. For 
both, there is always a heat transfer stage, involving the formation, 
growth and subsequent melt back of a solidified shell of frozen bath 
material. During this time, the temperature of the encased addition 
rises, tending towards the solidus temperature of the bath. If the 
solidus temperature of the metal bath is higher then the liquidus 
temperature of the addition, the latter generally melts inside the 
solid shell. A liquefied addition will then dissolve and be dispersed 
into the bulk of the bath following complete Cor partial^ melt back or 
collapse of an encasing solidified shell. In literature, such 
additions whose melting points are lower than the bath melting point 
are typically called class I CIJ alloys. For the steel making-addition 
system, these include, for example ferromanganese, ferrosilicon, 
silico manganese, ferro chroms etc. . 

Class II alloys, on the contrary have melting points which are 
higher than that of the bath. As a result, once the shell is 
completely re-melted, they remain solid, and must dissolve in the bath 
as shown in Fig. 6.1, via route 2. Dissolution kinetics, being mass 
transfer controlled, are typically one order of magni tude si ower than 
heat transfer kinetics. Class II alloys, therefore, require 



considerably longer times than class I alloys to become homogeneously 
mixed within the bath. Extreme values of addition thermal 
conduct! yi ty ► friability^ ^i9^ vapour pressure, heats of mixing, 
exothermic reactions etc. can somewhat modify the two basic 
melting/dissolution routes presented in Fig. 6.1. For example, 
exothermic mixing accelerates the dissolution rate of solid titanium 
in steel by raising the temperature of the dissolving interface CaD. 
Similarly powdered compacts C3D, dissolve more rapidly than equivalent 
sized solid pieces, by virtue of a high surface area to volume ratio 
once the compact disperses into the melt as particles. Typical 
examples of this class of alloying additions would include ferro 
vanadium, f errotungsten and f erromolybdenum. 


It follows from this preamble that the dissolution of a class II 
alloy is generally slower than that of a class I alloy, and as such 
often more critical to variations in industrial alloying practices. 
Incomplete dissolution, non “-homogeneous steel etc. may result unless 
extreme care during processing is taken when class II alloys are added 
to molten steel bath. Relevant thermo-physical properties of class I 
and class II ferroalloys are summarized in Tables 6.1 and 6.3 
respect! vel y . 


6* 1 • 1 Quantitative Prediction of Meltlng/Dlssolurtlon Time 

While it is naturally useful to be able to predict how quickly a 
given ferroalloy of a certain composition, shape and size will melt in 
a steel bath, the task is complex on account of numerous factors 
involved for instance, in making accurate prediction for class I 
ferroalloys, aimed at determining which route will be followed by a 
given alloy addition and determining how long it will take to melt, it 
is necessary to describe simultaneous flow of heat through four or 
five separate regions Cviz. , the steel shell , the liquid, the mush and 
solid regions!) of the ferroalloy. Such a task is naturally complex in 
that it requires the simultaneous solution of four or five transient 
partial differential equations. Similarly, for class II alloys, the 
mass transfer period following steel shell melt back must be 
adequately considered. Details of these are outlined elaborately in 
the literature Cfor example see ref . 3D and hence are not considered 
here in view of the time constraint. 


Since many ferro alloys are produced with wide ranging 
properties, it is useful to show how one can generalize these results 
in a simple way. Thus predictions on melting times can be made by 
completely ignoring any of the thermal phenomena taking place inside 
the addition, and merely supposing that the melting time is equal to 
the total heat requirement of the addition divided by the rate at 
which heat is being supplied from the bath, viz. , 


T 


AH p V 

Oe , — — ’ 

q" A' 
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in which, p is th© addition density, V is th© volume of addition, 



is “Lho Init/i^l surf"aci& a.roa. oT addi'Lion and AH is ’LH© heat, re^cjuirerd 
1,0 rais«e^ unit* mass of^ alloy "Lo 1S30 C Tor rout.a 1 or t,Ka alloy^e 
malting point for part II. 


Furthar mora» in Eq.C6.1!>» q** is the heat flux to the surface of 

the addition^ which can he conveniently expressed as : 


q‘* = h CT - T®:> 

B U 
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where ► h is the ^onvective heat transfer coefficient^ T is the bath 
teinper at ur e and is the lAelting point temperature at * surf ace of 

addition. For a specific alloy addition^ the influence of superheat 
C defined as the difference between the bulk temperature of steel 
about 1600 O and its freezing ^point^I) as well as bath 
hydrodynamics Con this depends the h valueD on the melting kinetics as 
expressed by Eqs.C6.i:> and C6.2D are readily evident. Similarly, as 
one might anticipate from Eq. 6. 1 . thermophysical properties of 
additions also affect melting rates considerably. 


Apart from bath hydrodynamics, melt superheat etc. . various other 
factors can be important in determining melting kinetics. Among the 
better known phenomena are those associated with materials having high 
exothermic heats of solution. The various grades of ferrosilicon 
represent an important group in this category. Similarly. during 
projection of an addition into the steel bath, a thin film of gas 
normally forms around the addition leading to imperfect contact 
between the solidus surface and the molten bath. This retards the heat 
transfer rates considerably leading to an increase in overall melting 
rates. Finally. addition shape. porosity. surface roughness, 
wettability and a variety of chemical and mechanical features also 
affect the melting kinetics significantly. In the next section, some 
basic hydrodynamic factors relevant to addition making techniques are 
considered. 


6.2 HYDRODYNAMIC CONSIDERATIONS 

Additions for adjusting melt chemistry are normally made during 
furnace tapping operations, the most common practice being to throw 
bags of the various alloys into the eye of the tapping stream or. for 
higher tonnage operations to mechanically feed them into the teeming 
ladle via alloy chutes. It has now been well established that while 
lighter additions Cviz. . r = solid-~liquid density ratio <13 such as 
magnesium, rare-earth silicides. ferrosilicon grades etc. are quite 
difficult to keep submerged C typical residence time being less than a 
seeond3 . the heavier additions C y > 13 such as ferroniobium. 

f errotungsten etc. would always settle directly to the bottom of the 
vessel. In much contrast, neutrally buoyant additions isc 13 such as 
ferrochrome. ferromanganese etc. can undergo prolonged subsurface 
motion Ce.g.. remain subsurface3 during conventional addition making 
processes. Such qualitative trends in the trajectories of additions 
even apply to stagnant or quiescent steel bath. 

Subsurface trajectories of additions in steel bath can be 
conveniently calculated from appropriate force balance equations C43 



and hence corresponding submergence time can be estimated. Such 
trajectory calculations together with appropriate heat transfer- 
considerations ^ can then provide useful inferences on alloys melting 
subsurface. It^s important to recognize here that rates of melting and 
free dissolution following melting of steel shell Cviz. . class II 
alloysD are functions of surface heat and mass transfer coefficients 
and thus are strongly related to the bath hydrodynamics Cviz. , flow 
and turbulence characteristics within the reactor vesselD. 

Thus ^ in view of the importance of ladle hydrodynamics in 
affecting melting/dissolution rates > velocity fields during furnace 
tapping operations and for porous plug gas stirred situation are of 
extreme relevance. These for necessary illustrations are shown in 
Figs. 6. £ and ©. 3. For a si^ minute furnace tapping operation in a £SO 
ton teeming ladle with a 5 tapper » velocities generated in the bulk of 
the r eci r cul ati ng liguid range between 0.3 and 1.3 ms ^ outside the 
penetrating Jet region. Thiere velocities ot G mB“^are to be 

expected following free fall of the steel jet over a 4 m drop from the 
furnace tap hole into the ladle CBD. Similarly, for the case of a 
tygical 3B0 ton ladle in which gas is injected as a rate of O. 004 
Nm s > velocities within the rising plume are 1.3 ms * , while 

outside, these vary from /\/ 1.0 ms” across the top surface to 0.3 
ms in the slower recirculating core C6D. On the basis of these, 
depending on the location where any particular addition would undergo 
mel ting/dissolution, one can expect considerable variation of 
associated rates, since velocity is different in different regions and 
from one configuration to another. Finally, actual trajectories 
followed by alloy additions dumped into a filled or filling ladle are 
largely determined by their entry speed, point of impact, the size and 
most importantly the density. 

6.3 MELTING AND DISSX>LUTION BEHAVIOR OF SOME ADDITIONSi RESULTS OF 

PILOT SCALE AND MATHEMATICAL MODEL STUDIES 

Figures 6. 4CaD through Cdl> give melting times for spheres of 
various class 1 alloys immersed in stagnant baths of molten 
steel . These refer respectively to additions of 80% Fe-Mn, 65% Si-Mn, 
50% Fe-Si and Fe-Cr. Referring to these one finds that melting time 
increases, the larger the addition size as one would normally 
anticipate. These also show the importance of melt superheat in 
minimizing melting times. These times, it is to be noted increases 
exponentially as superheat in the bath approaches zero CAt zero 
superheat, melting times would theoretically be infinite^. Under 
equivalent conditions Csize and superheat!), the melting times of 
different additions are different. This is a reflection of different 
thermal heat Centhalpyj requirements to bring the additions to their 
respective melting temperatures. It is to be emphasized, that these 
figures being based on natural convective heat transfer in stagnant 
baths, are clearly conservative and probably two to four times longer 
than actual melting times encountered under practical alloy addition 
processes. 

In the case of class II alloys involving mass transfer controlled 
dissolution processes, natural convective mass transfer rates are 



considerably smaller than the corresponding heat transfer rates and 
thus mass transfer process being rate limiting, controls the overall 
melting/dissolution times. These are clearly obvious from Fig.6.5Ca3 
through Cd:). which illustrate the dissolution times of some typical 
class II ferro alloys such as f er r omol ybdenum. f er r oni obi um. 
ferrotungsten and ferro vanadium. It is obvious. that a stronger 
convection current in the immediate vicinity of the solid addition 
enhances the dissolution rates considerably. It is important to 
mention that these figures also contain the initial thermal period for 
the steel shell melt back, which is typically about 1% of the total 
dissolution time. 

6.4 INDUSTRIAL CONSIDERATIONS AND ALLOY ADDITION METHODS 

A wide variety of methods are available to the industry for 
making alloy addition to the steel bath. They range from such 
sophisticated technique as pneumatic injection and bullet shooting to 
the more mundane procedure of throwing or shovelling. Depending on the 
addition procedure* the recovery of a particular alloying element may 
somewhat vary and hence the techniques adopted are of obvious interest 
and concern. 

An alloy^s recovery is usually defined as the ratio of the amount 
left to the amount added. Thus for those additions, made to a filling 
bath during tapping procedures, a high recovery would indicate minimal 
losses through : CiD reaction with dissolved oxygen or sulfur in the 
steel bath. Cii3 reaction with air and CiiiZ) reaction with slag. While 
such a definition of recovery has decided practical merits for making 
charge calculation, the figures can be a misleading measure of an 
alloy* s efficiency. For example, the recovery of ferrosilicon alloy 
used in the production of semi killed grades is typically low. perhaps 
20% . However, much of the 80% loss is used up quite effectively in 
lowering the oxygen content of the bath. By contrast, ferro silicon 
recoveries for fully killed heats can reach as high as 00%. since the 
amount of silicon then consumed in reducing steel bath oxygen contents 
becomes only a small fraction of the total amount added. Consequently, 
efficiency and recovery are not synonymous. 

In order to use alloys efficiently and effectively, any premature 
oxidation through contact with air or slag must be avoided. Ideally, 
rapid subsurface dispersion and homogenization of the alloy is 
required and this is particularly difficult to achieve for most of the 
class I ferroalloys. which normally floats up to the slag metal 
interface, after an insignificant period of submergence. The serious 
hydrodynamic problems associated with buoyant additions CCa. Mg.Fe-Si 
Si etc. 3 require, therefore, special attention if subsurface melting 
is to be achieved in practice and hence premature oxidation through 
contact with slag is to be avoided. One may note here that class II 
ferroalloys being heavier than bulk steel, settles to the bottom of 
the vessel and hence would always undergo subsurface dissolution. 
Consequently. for buoyant additions the only hope with ordinary 
addition procedure C throwing or shovel lingD is to trap them under the 
plunging Jet. if some subsurface melting is to be expected. 
Alternatively, special techniques may be adopted to this end. Some of 



these are described below in nutshell. 


6 . - 4 . 1 


Stationary Alloy Ingots 


The method involved holding a large rod of solid alloy CCa,Mg,Al 
eic-D vertically in a ladle in a similar fashion to a stopper rod-set 
up . The purpose of this arrangement is to ensure subsurface melting 
of the addition in the bulk liquid steel. Trials in pi ant » for 
aluminium* indicated some higher recoveries by about 10% CTD Ce. g. » 
32% vs. 23%D for low carbon fully killed steel. In terms of 
efficiency* C100% efficiency 66% recovery^ , this represented an 

absolute improvement to about 50% from 35% Csee Fig.6.6D. 


6. 4. Z 


Wire Feeding 


Another way of ensuring subsurface melting is the wire feeding 
technique. In such cases* the relative motion is provided by the rapid 
entry of wire into argon stirred ladles. Jet of molten alloy is 
issued subsurface from the tip of the wire* and thus get assimilated 
in the bath prior to any reaction with air or slag. 

6. 4. 3 Bullet SIhooting 


A bullet shooting method CTJ developed by Tanoue et al . for 
Sumi to metals* Japan has proved quite successful in promoting 
subsurface melting of buoyant addition such as Aluminium etc. The work 
indicated that subsurface n^Iting had been achieved by the use of high 
entry velocities C 50 ms 2> and bullets of high aspect ratio CL%D = 
15 : 


6# 4# 4 CAS Process 

The conventional argon stirring techniques has important draw 
backs: CiJ reoxidation of liquid steel due to oxidized slag CiiJ air 

oxidation of exposed liquid steel and CiiiJ inclusion of added alloy 
in slag during composition adjustment. These drawbacks make argon 
stirring technique unsuitable as a method for attaining cleaner steel 
and composition adjustment. 

An Improved version of this process* the CAS C Composition 
Adjustment by Sealed argon bubbli ngJ process has solved the above 
mentioned problems of the conventional argon stirring technique. The 
new process Csee Fig. 6. 7D consist essentially of a refractory covered 
snorkel* which when immersed in a ladle* effectively seals the surface 
of the liquid steel that becomes exposed when argon gas is injected 
and permits the addition of ferroalloy without breaking the 
non-oxidizing atmosphere. The process appears to be a very effective 
one for making buoyant alloy addition to liquid steel bath C8D. 

Finally* to enhance the rate of dissolution of class II 
ferroalloys* it is desirable to crush the lumps of addition to 3 mm^^ 
10 mm size range* if these are to completely dissolve during free 
settling in a 3. 5 m deep bath of steel at 1600 C. Also* the new family 
of alloys e. g. * auto exothermic ferroalloys can be used so as to 



obtain superior recovery and uniform characteristics CQ!). 
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Table 6.1 Physical and thei mal properties relevant to class 1 

ferro-alloys 


C)eris.i iy 

— 9 

Material kg rn 


Fet rornan- 
ganese 


Mn 

= 79 

1. 5% 

CC 

= 6. 

4%D 

Si 

= 0. 

27% 

Fe: 

bal 

ance 


7aoo. o 


TTier mal 


Latent^ 


Heat Capacity Conductivity Heat solidus liquidus 


J kg'* k'* 


700. 0 


W m * k'* 


J kg 


534G54. O 1344. 0 1539. 0 


Si 1 i coman- 
ganese 
Mn = 65. 96% 
Si = 17. 07% 
C = 1 - 96% 
Fe: balance 


5600. 0 


628. 0 


6. 28 


578783. 0 1 361 . O 1 489. O 


I 50% 

t Ferrosi 1 i cone 
rSi = 49. 03 
I A1 = 1 . 2:0% ir.a: 
■ Fe: balance 


4460. O 


586. 0 


9. 62 


908200. 0 1 4S3. 0 1 500. O 


i Ferrochrome 6860. 0 

Cr = 50-58% 

C =0. 25% max 
Si = 1.5 max 
Mn = 0. 50 max 
A1 = 1 . 50 max 


670. 0 


6. 50 


324518.0 1 677.0 1 755.0 


Table 6.2 Physical and thermal properties relevant to class II 

ferro-alloys 


Mater ial , A 
Mol ybdenum 
Vanadi urn 
Ni obi um 
Tungsten 


Densi ty 
-a 

kg m 
Cl 873 KD 


10000 . 0 

5700. 0 

8600. 0 
19300. 0 


Heat Capacity 
J kg'* K"* 


310. 0 
400. 0 
290. O 
140. 0 


Thermal 

Conduct i vl ty Di f fusi vi t y 

-1 ' 2 -A 

W m k 


100. O 
50. O 
64. 0 
115. O 


D xl O m 



> 2 C 


05 0 7 

0 5 > V > 0 2 m/s I ---i- 

"low fields ind 
ladle during 
operation 

















CHAPTER 7 


DEOXIDATION AND CLEAN STEEL 
A. GHOSH 

Steelmaking is a process of selective oxidation of 
impurities in molten iron. During this, however, the molten steel also 
dissolves some oxygen. Solubility of oxygen in solid steel is 
negligibly small. Therefore, during solidification of steel in ingot 
or continuous casting, the excess oxygen is rejected by the 
solidifying metal. This excess oxygen causes defects such as blowholes 
and non-metal lie inclusions in castings. It also has significant 
influence on the structure of the cast metal. Therefore, it is 
necessary to control the oxygen content in molten steel before it is 
teemed. Actually the oxygen content of bath in the furance is high and 
it IS necessary to bring it down by carrying out 'deoxidation' at the 
end of steelmaking and before teeming the molten metal into ingot or 
continuous casting mould. 

7.1 THERMODYNAMICS OF DEOXIDATION OF MOLTEN STEEL 

The dissolution of oxygen in molten steel may be represented 
by the equation 


V^! O 2 <g> = g . . .7.1 

where 0 denotes oxygen dissolved in the metal as atomic oxygen. 

For the above reaction. 

[hQ] 

^ ^equilibrium ...7.Z 

Po 

2 

where Kq is equilibrium constant for reaction (7.1), pq^ 

denotes partial pressure of oxygen in the gas phase in bar, and ChQ3 
is activity of dissolved oxygen in steel with reference to the 1 wt . 
pet. standard state.' 

6120 

Again. log Kg + 0.15 Cref 1> ...7.5 

T 

and hg = Cfg] CWg] . . .7.4 

where Wg designates concentration of dissolved oxygen in weight 
percent and fg designates activity coefficient of dissolved oxygen in 
steel. For 0 in pure liquid iron. 


log fg = - 0.20 [Wg] . . .7.5 

The above relations would allow us to estimate Wg in liquid 
iron at any value of pg^ with which the molten iron would be brought 



to equilibrium. This value of Wq is nothing but solubility of 0 at 

that • However, oxygen tends to form stable oxides with iron. 

Therefore molten iron becomes saturated with 0 when the oxide starts 

forming i.e. when liquid iron and oxide are at equilibrium. This 
oxide, in its^pure form, is denoted as Fe^^O, where x is approx imat e i y 
0.985 at 1600 C. For the sake of simplicity we shall take x equal to 1 
often and designate this compound as FeO. 

The relevant equation for calculation of solubility of 0 in 

molten steel is noted below (1). 

fe^O(l) = X Fe(<l> + 0 (wt.pct.) 

6572 

and, log Kp^ = - ----- -f 2.73 ...7.6 

T 

ChQ] X CapeJ^ 

where, = C }= Equilibrium constant for Eq.(7.6> 

0 ^ equlm 


. . .7.7 

Here, apg = activity of Fe in metal phase in Raoultian scale < ) , 
and Cape^g) denotes activity of Fej^O in oxide phase. 

In case FeO is not pure and it is present in an oxide slag, then apeO 
<1 , and hg i.e. solubility of 0 in equilibrium with the slag would be 

less. 


The traditional method of determination of oxygen in steel 
samples is chemical analysis by vacuum fusion or inert gas fusion 
apparatus. Here a sample of solidified steel is taken in a graphite 
crucible and then heated to approximately 2000°C under vacuum or under 
highly purified inert atmosphere. The steel sample molten and the 
oxygen contained in it reacts very fast with the crucible and 
generates carbon monoxide. The quantity of CO is measured by a 
sensitive instrument such as infrared analyzer and from it the 
quantity of oxygen in the sample is estimated. This apparatus has been 
made quite accurate and fast. 

Quite often, especially in industrial molts, the bath not 
only contains dissolved oxygen but also oxide particles. The above 
method of determination gives the total oxygen content, which is the 
sum of dissolved 0 and oxygen in inclusions. This hampered progress of 
our understanding about the behaviour of oxygen in steelamking and 
deoxidation till the development of immersion oxygen sensors based on 
materials such as Zr 02 doped with CaO or MgO or Y 2 O 5 and Th 02 doped 
with Y 2 O 5 during the decade of 1960. Thereafter this has become quite 
a popular tool for measurement of dissolved oxygen content in molten 



steel both in the laboratory as well as in industry. Excellent reviews 
are available in literature on the principles and details of such 
sensors (2,5). 


There are various designs available in market now a days. 
For the sake of illustration. Fig. 7.1 shows the sensor employed by 
Fruehan et al <6) schematically. The Zr02 <CaO) or Th02 (¥205) disk 
serves as the so^i^d electrolyte and at high temperature it is an ionic 
conductor with 0 as the only mobile ionic species. Cr , Cr205 mixture 
IS the reference electrode. This assembly is immersed in liquid steel. 
Molten steel constitutes the other electrode. A molybdenum AI2OJ 
cerment dips into it and the electrical circuit is completed by 
platinum lead wires connected to measuring circuit. These sensors can 
be used only once, i.e. they are disposable type. Immersion time 
required is at the most a minute or so. Efforts are going on to 
develop sensors that can be continuously immersed in liquid steel for 
longer period. Laboratory successes have been reported. 

Such sensors behave as reversible galvanic cells. Since the 
solid electrolyte conducts oxygen ions only, the cell E.M.F. is 
related only to the difference of chemical potentials of oxygen at the 
two electrodes. 


(liquid steel) - Rq (reference) = - ZFE 

7 ± 

where Rq designates chemical potential of oxygen, F 
constant. ^Z is valency (4 here) and E is cell E.M.F. 


...7.8 

is Faraday's 


The galvanic cell in Fig. 7.1 may be represented as s 

Cr(s) + Cr205(s) \ Zr02 (CaO) I 0 (in liq. steel) ...7.9 
(reference) | 1 

Here Rq^, (reference) = RT In Pg^ (ref) 


= AGf° for formation of Cr203(s) 
and Vq liq. steel) = RT In Pn (in equil.with liq. steel) 

2 5L 


Chg] 

= ZRT In (from Eq.7.J) 

Ko 


...7.10 


...7.11 


Therefore , 


knowing 


AG° (Cr 203 ) 


and Kq from literature, 


the 


cell E.M.F. allows us to calculate Chgl. As discussed in the next 
section, Cfo^ can be estimated from chemical analysis of steel. 
Therefore content of dissolved oxygen (i.e. Wq) can be obtained from 
Eq. (7.4). 


In pure liquid iron, solubility of oxygen is governed by 
Eqs. (7.6) and (7.7). However in molten steel, there are other more 
reactive alloying elements such as C, Si and Mn and the oxygen 
solubility is governed by reaction with one or more of these elements. 



It has been well established that carbon content of steel has 
considerable influence on bath oxygen content at the end of heat in 
steelmaking furnaces. The reaction is : 

PCO 

C+0 = CO<g>; Kqq = ...7.12 

ChcD ChQ] 

Fig. 7 .2 shows relationship between dissolved carbon and dissolved 
oxygen in molten steel bath (4). The equilibrium line corresponding to 
PCO ~ ^ 1600 C is lower than the range found in both BOH and 

BOF steelmaking. Similar findings have been reported by others. 

7.1.1 Thermodynamics of Simple Deoxidation 

Deoxidation of liquid steel is carried out mostly in 
ladle, tundish and mould. Even in furnace, deoxidizers are often added 
into the mtal bath directly. In all these cases, the product of 
deoxidation, which is an oxide or a solution of more than one oxide, 
forms as precipitates. 


Deoxidation never takes place at constant temperature. 
Temperature of molten steel keeps dropping from furnace to mould. 
Addition of deoxidizer also causes some temperature change due to 
heats of reaction. However we shall consider it as isothermal. This 
would not affect our considerations of deoxidation equilibria since it 
is only the final temperature at which the equilibrium is supposed to 
be attained which is of importance , and thermodynamically it would not 
make any difference if the process is presumed to take place at that 
temperature. 


Deoxidation may be carried out by addition of one deoxidizer 
only. This is being termed as simple deoxidation. In contrast we may 
use more than one deoxidizer simultaneously and, in that case, it will 
be termed as complex deoxidation. In this section we will discuss 
simple deoxidation. A deoxidation reaction may be represented as 


X CM] + y CO] = <M><0y> 


...7.1? 


where M denotes the deoxidizer and Mj^Oy is the deoxidation product. 
The equilibrium constant (K'|v|) for reaction (?. 9) is given as : 

A y 


K' 


M 


ChM]’^ ChQ]' 


^at equi 1 


...7.14 


Again, as i n Eq . ( 2 . 20 > , 

hM = ■fM- Wm and hg = fQ- Wq . ..7.1? 

If the deoxidation product is pure, then a^^Oy " Also in very 

dilute solutions. fw and fg n^ay be taken as 1. In that case, Eq 
<7.14> may be rewritten as 



1 


CWq]'' 



...7.16 


where is known as 'deoxidation constant*. 

Obviously Cl'1^3 and CWq3 , as already understood, are wt.pct. of M and 0 

respectively at equilibrium with pure oxide. It may be noted that 
is like 'solubility product* in an aqueous solution. It is a measure 
of solubility of the compound Mj^Oy in molten steel at the temperature 
under consideration. 

As in Eq. <7. 6), varia'tion of K|v) with temperature may be 
represented by an equation of the type : 

. .. ^ 

log Km + B ...7.17 


where A and B are constants. Eq. (7.17) shows that as T increases, log 
Km and hence Km also increases. In other words, solubility of in 
molten steel increases with temperature. Since, in deoxidation, we are 
interested in lowering concentration of oxygen with addition of as 
little deoxidizer as possible, an increases of temperatutre would 
adversely affect the thermodynamics of the process. 

Experimental determination as well as thermodynamic 
estimation of Km "for various deoxidizers have been going on for the 
last 4 or 5 decades. With advancement in science and technology, more 
accurate values are being found with progress. of time. This has led to 
a number of compilations, some old and some new where efforts have 
been made to put down the most acceptable values. It is still going on 
and discrepancies still exist, especially with more reactive elements 
such as A1 , Zr, Ce , Ca etc. Table 7.1 presents such a compilation. It 
is based on suggested values of Jacquemot et al (5) and Ghosh and co- 
workers (6,7). 

It may be noted that all oxide products are definite 
compounds except for deoxidation by manganese, where the product is 
either a solid or a liquid solution of FeO-MnO of variable 
compositions. The underlying reason for this behaviour is the fact 
that manganese is a weak deoxidizer (Fig. 2.1). Stability of MnO, 
although greater than that of FeO. is not drastically different from 
the latter. 

For deoxidation by Mn , it is in a way more appropriate to 
consider the reaction 

(MnO) + CFe3 = CMn3 + (FeO) ...7.18 

Fe and Mn form an ideal solution (i.e. one which obey*s Raoult*s law). 
Same is true of the MnO-FeO slag. Therefore aMnO ~ ^MnO* ®FeO “ ^FeO’ 
and hMn = Wmo • Noting that ape 1. ^he equilibrium constant for 
reaction (7.18) , i.e. 



ChMn^ X 

*^Mn~Fe ~ = 

where X denotes mole fraction. Eq. (7.19) 

deoxidation product would be proportional 
temperature. Fig. 7.5 shows the relationship. 

^MnO 

liquid at low and solid at high value. 

><FeO 

Taking the activity coefficients, viz. fQ and f^,^ as 1, one would be 
able to calculate the relationship between CWf,/)] and CWq] using Eq. 
<7.16) and Table 7.1 for many deoxidizers. Such calculations would be 
all right at very low values of W|v). At higher ranges, it would give 
approximate values only, since ffv] and fg. esspecially fg may deviate 
somewhat from 1. For more precise calculations, therefore, first order 
interaction coefficients (e*.) are to be considered. The relationship 

between activity coefficients and interaction coefficients follow from 
Chapter 2. and are as noted below. 


...7.19 

><MnO 

shows that in 

>^FeO 

to constant 

The oxide product is 


log fM 


'‘m ■ '^i 

J 


. . .7.20 


log fg 


£ e 


0 


W, 


. . .7.21 


where j denotes all the alloying elements present in liquid steel. For 
example, if the steel contains C and Mn , then 

□ C Mn 

log fg = eg . Wg + eg - Wq ®0 • ''^n 

Some values of interaction coefficients are tabulated in Table 2-2 
( 8 ) . 


Taking logarithm of Eq. (7.16). we have 

\ X 

log Wg = -c: log Km - - —log W^ 

\ Y 


!n a log Wn vs. log Wm plot, Eq. (7.22) would yield a straight line 
with a slope of - v/y. However such linearities hot 

expected if rigorous equations such as Eqs. <7.14). (7.1^), </.^uj, 

and <7.21) are employed, as shown by the calculated log Wg vs. log W^ 
curves for various deoxidizers in Fig. 7.4. 


Al. 


Zr. 


Fig 7.4 shows that Mn is the weakest deoxidizer of all. and 
etc, are very powerful. Deviation from straight line for Mn 



deoxidation is caused by variable composition of deoxidation product 
as well as the fact that the liquid FeO-MnO changes to solid FeO-MnO 
at higher manganese content. Deoxidizer such as A1 , Ti . Zr etc. 
exhibit a minimum in solubiljj^ty of oxygen. This behaviour is due to 
the large negative value of e g (see Table 2.2) for these elements and 

the situation has been analyzed by several workers, such as Ghosh and 
Murty (7) and such minima have been quantitatively explained. On the 
basis of their exercise, the following analytical equation was 
proposed to describe the curves. 

M 

log Km = X (log + e^ . Wm) 

M M2 

+ y (log Wq + Bq . Wm + To - Wm > 


M 

where ro 


. . .7.23 


is second order interaction coefficient 


Unlike conventional deoxidizers, the allkaline earths, viz. 
Ca and Mg, are gaseous at steelmaking temperatures (PMg = 73 atm and 
PCa " atm at 1600 C>. Moreover they are sparingly soluble in 
molten steel. Solubility of Mg is 0.1 wt.pct. at pmq = 25 atm and that 
of Ca IS 0.032 wt.pct. at pQg^ =1.8 atm at 1600°C. as a result of this 
poor solubility, the equilibrium relationships by these elements and 
dissolved oxygen is difficult to determine experimentally. 


7.1.2 Complex Deoxidation 


As already stated if more than one deoxidizer is added to 
the molten steel simultaneously, it is known as complex deoxidation. 
Some important complex deoxidizers are Si-Mn, Ca-Si, Ca-Si-Al etc. 


Complex deoxidation offers the following advantages and are 
being employed increasingly for better quality product. 


(a) The dissolved oxygen content is lower in complex deoxidation 
as compared to simple deoxidation from equilibrium considerations. 
Consider deoxidation by silicon. 


Chsi3 ChQ]^ 

Kg. = 

<aSi02^ 


CWsi3CWo3^ 

^^Si02^ 


. . .7.24 


If only ferrosilicon is added, then the product is pure Si02. i.e. 
aSi02 1 • On the other hand, simultaneous addition of ferrosilicon 

and ferromanganese in suitable ratio leads to formation of liquid MnO- 
Si02. Consequently. asi02 ^ hence iWsiJ LWqJ is less 

than that obtained by simple ferrosilicon addition. At a fixed value 
of Wsj. therefore. Wq would be less in the latter case. 



(b) The deoxidation product, if liquid, agglomerates easily into 
larger sizes and consequently floats up faster making the steel 
cleaner. This is what happens in many complex deoxidation such as in 
the example presented above. 

(c) Properties of inclusions remaining in solidified steel can 
be made better by complex deoxidation, thus yielding a steel of 
superior quality. This will be discussed again in appropriate place 
later . 

Equilibrium calculations involving complex deoxidation 
requires data on activity vs. composition relationships in the binary 
or ternary oxide systems of interest besides Kj..} and e.^ . For activity 

in oxide (i.e. slag) systems, general discussions in Chapter 1 may 
consulted. For complex deoxidation, the desired product should be 
within this liquid field. Thermodynamic calculations involving complex 
deoxidation should aim at the following; 

(a) Estimation of weight percentages of deoxidizing elements and 
oxygen remaining in molten steel when equilibrium is attained. 

<b) Estimation of composition of the deoxidation product in 
equilibrium with the above. 

Rigorous calculations pose difficulties due to two reasons. 
First of all, the activity vs. composition data in oxide systems are 
not available in the form of equations. Secondly, interaction of more 
than one deoxidizer calls for an iterative procedure for solution of 
equations (7.20) and (7.21). Therefore it is necessary to use 
computer-oriented method. A major challenge is minimization of 
calculation errors. Thukdogan (9) has carried out thermodynamic 
analysis for complex deoxidation by Si-Mn. Bagaria, Brahma Deo and 
Ghosh (10) carried out thermodynamic analysis of simultaneous 
deoxidation by Mn + Si + Al. Ghosh and Naik (11) have done the same 
for deoxidation systems : Ca + Si + Al and Mg t Si + Al . Readers may 
refer to those for details. Some salient findings by Ghosh and Naik 
are being presented below. 

Calculations were performed in the range where the 
deoxidation product is liquid Ca 0 -Si 02 ~Al 205 slag ^n the ternary 
diagram (see Fig. 2. 5) at two temperatures, viz. 1550 C and 1600 C. 
Fig. 7. 5 presents some results of calculations for Ca-Si-Al system as 
log Wq vs. log (M = Si or Al) curves for 5 compositions of liquid 
deoxidation products. The dotted curves are based on rigorous 
calculations taking into consideration all interaction coefficients. 
For the solid curve h were taken the same as wt.pct. i.e. the 
interaction coefficients were ignored. The two curves differ by about 
20 pet. Thermodynamically the complex deoxidizer was found to be at 
the most an order of magnitude more powerful as compared to simple 
deoxidation by Al or Si. 

The above exercise is important from the point of view of 
industrial application. Ignoring of interactions, i.e. taking hj = Wj 



simplifies calculation procedure in a significant way. The above 
analysis shows the kind of error one may encounter is tolerable for 
many applications. It is also possible to predict thermodynamically 
the sequence of precipitation of deoxidation product provided the 
process is treated as reversible. This issue is pertinent for 
deoxidation where the product composition varies. 

Example 7.1 Consider de termi nat i on of dissolved oxygen in liquid 

steel by oxygen sensor with Cr";Cr 205 reference electrode at 1600°C. 
What would be the value of hp, if the EMF of the cell is +100 mV? 
Calculate also dissolved aluminium content. Ignore solute-solute 
interact i ons . 

Solution: Combining Eqs.(7.8>, (7.10) and (7.11), 

AGf° (Cr 205 > per mol 0^ - ZRT In ^ = -ZFE Ex . 7 . 1 

From Table 2.1. at 1600°C (1875K).AGf° = - 422.7 x 10^ J mol'^ 

R = 8.516 3 mol“^ k"\ Z = 4. F = 96.500 J volt"^ gm.equiv”^ E = O.IV 


From Eq.(7.?). Kq = 2615 at 1875K. 

Putting in values and solving, hQ = 0.0116 
From Table 7.1, for 2^ +50 = Al 205 (s>; = 5.52 x 10 

= CWai 3^ CWo]^ 

Wq is nothing but h^ in the above equation, since solute-solute 
interactions have been ignored in arriving at it. 

Putting in values, and solving, = 1.46 x 10 wt% . 


Example 7.2 

Consider deoxidation by addition of ferromanganese 

(60%Mn> to molten steel at 1600 C. The initial oxygen content is 0.04 
wt.pct. It has to be brought down to 0.02 wt.pct. Calculate the 
quantity of f erro-manganese required per tonne of steel. Manganese 
content of steel before deoxidation is 0.1 wt . pet. 

Solution: Consider the reaction: 

ChMn] ChQ] 

(MnO) = CMn] + C03 ; K^n = ...Ex. 7. 2 

As noted earlier h^^ may be taken as W^p and a^nO ^MnO- 
Assuming also that Hq - Wq; 

So, = '5^2- ...Ex. 7. 5 



11070 


7 ^ 


From Table 5.1. log K^n = " + 4.526 

T 

i.e. at 1600°C <1875 K), = 0.0415 

Noting that the final Wq = 0.02 wt.pct.. 

CWMn^ 

Therefore. = 2.065 ...Ex. 7. 4 

Now from Eq. <7.19), again 


CWMn^ KMn-Fe 



<XMnO> <XFeO> 

From Table 7.1, log Kf.^n-Fe 
be solid MnO-FeO) 


...Ex. 7. 5 

9570 

+ 4.550 <assuming the product to 

T 


i.e. at 1875 K. K^^-Fe = 0.212 

Therefore combining Eqs . <Ex.7.4) and <Ex.7.5> 

<XFeO^ = 0.10 

or. <XMnO> = 1 ' <XFeO> = 0.9 

or. CWMn^ = 1-06 wt.pct. 

Now total quantity of Mn required 

= Mn required to form MnO 

= Mn required to increase Mn-content of bath from 0.1 
wt.pct. to 1.86 wt.pct. 


Now , 


Mn required to form MnO/tonne of steel 

Quantity of oxygen removed/tonne of steel 

Atomic mass of oxygen 


X XMnO 


X Atomic mass of manganese 

<0.04 - 0.02) X 10 X 10^ X 0.9 x 55 


16 


= 0.62 kg/tonne steel 

Mn required to increase Mn-content of bath 

= (1.86 - 0.1) X lo"^ X lo’ = 17.6 kg/tonne of steel 

Total Mn-required = 17.6 + 0.62 = 18.22 kg 



Total ferromanganese required = 18. 2Z 


100 


X = 50.4 kg (Ans.) 

60 

From Fig. 7. 5 it is confirmed that the assumption of solid FeO-MnO as 
the deoxidation product is correct. 

Example 7.5: Consider deoxidation of molten steel by aluminium at 

1600 C. The bath contains Mn- 1 % , C-0.1% . The final oxygen content is 
to be brought down to 0.001 wt.pct. Calculate residual aluminium 
content of molten steel assuming that [Al] - CO] - AI 2 O 5 equilibrium 
is attained. Also take into account all interaction coefficients. 

Solution: The deoxidation product has been taken as AI 2 O 3 (s> 

already. For the reaction 

Al205<s> = ECAl] + 5CO]; 

KaI = Cf^Al^ ChQ] = 2.5 X lO"-* at 1600°C (Table 7.1) 

or. log = 2 log h^j + 5 log hg 

Mn C 0 Al 

= 2 Clog x W^n + x Wg + e^i x Wg + e^i x W^ajj] 

Mn Al CO 

+3Clog Wq + eg X W^n + eg x + eg x Wg + eg x Wg] 

. . .Ex.7.6 

Mn C 0 Al 

From Table 2.2, e^l = 0, e^^ = 0.091, e^l = - 6 . 6 , e^j = 0.045, 

Mn C 0 Al 

eg = 0.021, eg =-0.45, eg =-0.2, eg =-5.7. 

Noting that W^n = ^^C = ^0 = 0-001 and substituting the values 

in Eq. (Ex.7.6), we obtain 

log 2.5 X lO”^^ = 2 log + 5 log 0.001 - 12 

- 0.07 - . -Ex. 7. 7 

Taking 1st guess as WaI = 0 .01. a trial and error solution yields: 

Wai = 5.75 X 10~’ wt.pct. 
as the residual aluminium in the bath. 


Example 7.4: Consider deoxidation of molten steel by simultaneous 
addition of ferromanganese and ferrosilicon at 1600 C. If the residual 
Wg and Wc I are respectively 0.01 and 0.1 wt . pet., determine the 
composition of the deoxidation product and Wj^n in steel at equilibrium 
with the above conditions. Ignore interactions amongst elements in 
mo 1 ten stee 1 . 



t^otut 1 on : Consider the reaction: 


92 


(Si02> = CSi] + 2C03 


KSi = 

for ^ and 0) 
Now, Kg i = 2.59 
Ws 1 = 0 • 1 * Wq = 


Chgi] ChQ]^ 
1 O 2 ^ 


CWgj3 [Wq]^ 

^®Si02^ 


(since Henrian 
. . .Ex.7.8 


X 10 "^ at 1600°C (Table 7.1), 

0.01 . 


behav i our 


This yields agjQ^ = 0.418 

Assuming the deoxidation product as Mn0-Si02. using diagram (1). 
wt.pct. Si02 in deoxidation product = 57.5 pet. and therefore MnO 
content is 62.5 pet. Also a^no is approximately 0,5. 

Again, consider the reaction ; 


(MnO) 

for which Kj^i^ = 




= CMn] + CO] 

0.0415 at 1600°C. 

CWMn3 CWq] 
0.0415 = 




. . .Ex. 7. 9 


Subst i tut i ng 
Therefore : 
62.5 wt . pet . 


values for ai^^P^Q and Wq, becomes 1.24 wt . pet. 

(a) Deoxidation produet contains 57.5 wt . pet. Si02 and 
MnO . 


<b) Wt . pet. Mn in steel = 1.24 


7.2 KINETICS OF DEOXIDATION OF MOLTEN STEEL 


In Sec. 7.1, we were concerned with dissolved oxygen only. 
However in industrial deoxidation practice both dissolved as well as 
total oxygen (i.e. dissolved oxygen + oxygen present in deoxidation 
products) are of importance. Even if the former is low, presence of 
entraped deoxidation products gives rise to inclusions (i.e. 
dirtiness) in solidified steel. Therefore the products of deoxidation 
should be separated out from the molten steel before the latter 
solidifies, if a clean steel is desired. Therefore the subject of 
deoxidation kinetics is concerned with deoxidation reaction as well as 
separation of deoxidation products. 

Studies of deoxidation kinetics started seriously from 1960 
(12) and are still continuing. Factors controlling the rates have been 
establ ished, jreasonabl well from theoretical considerations as well as 
from exper,Jjjfent s conducted in laboratory and plant. Availability of 
new equipme^Ts and techniques were of considerable help. In almost all 
studies prior to 1970, only total oxygen could be determined by 
sampling and vacuum fusion analysis. Later investigators also employed 



inrtmersion oxygen sensors for determination of dissolved oxygen in 
molten steel. Advent of electron probe microanalyser allowed rapid and 
easy determination of chemical composition of inclusions in steel. 
Development of quant imet brought about a method of rapid determination 
of inclusion size, number etc. By 1970 and even earlier thermodynamic 
parameters for important deoxidation reactions were available with a 
fair degree of confidence. 

The basic behaviour pattern of oxygen and inclusions from 
furnace to solidification during steelmaking may be visualized with 
the help of Fig. 7.6 due to Plockinger and Wahlster (12). The 
dissolved oxygen content descreases rapidly upon deoxidation in the 
ladle and keeps on decreasing all the way. Inclusion content in liquid 
steel becomes quite high in ladle upon deoxidation followed by 
decrease .due to separation of deoxidat ionproduct . Since solid steel 
has negligible solubility for oxygen, the dissolved oxygen in liquid 
steel also upon solidification could give rise to inclusions. 
Therefore the expected inclusion content in solid steel would always 
be higher in solid than in the liquid. For understanding of the 
factors influencing the rates, a number of fundamental investigations 
have been carried out from 1960 onwards. These have been done mostly 
in the laboratory under controlled conditions. Therefore, we shall 
first of all discuss the findings of laboratory experiments. 


Laboratory investigations have been carried out mostly with 

a small melt (of the order of a kg. of steel) and under inert 

atmosphere. High frequency induction furnaces were normally employed 
for maintaining steel molten at the desired temperature. If the steel 
is directly heated by a high-frequency power, then eddy current flows 
through it. This eddy current and the magnetic field of the induction 
coil generate force, which causes flow and circulation of molten 

steel. This is known as induction stirring. On the other hand, if the 
ceramic crucible containing the steel is surrounded by a hollow 
cylinder of graphite or molybdenum then the eddy current flows through 
the latter primarily and heats it up. Then the steel is heated up 
indirectly by radiative and convective heat transfer from the hot 
cylinder. In this case, induction stirring of molten steel may be made 
negligibly small and the bath would be a quite one. 

Discussions of deoxidation kinetics as conducted in 

laboratory may be subdivided into: 

(a) kinetics of deoxidation reaction 

<b> kinetics of elimination of deoxidation products from 
liquidsteel. 


7.2.1 Kinetics of Deoxidation Reaction 


It consists of the following steps (or 'stages’ if you 
so wish to call them). 


(a) 

(b) 


Dissolution of deoxidizer int 
Chemical reaction between 
deoxidizing element at phase 


o molten steel . 
dissolved oxygen and 
boundary or homogeneously. 


<c> Nucleation of deoxidation product. 

(d> Growth of nuclei principally by diffusion. 

Rates of deoxidation reaction have been followed by many 
investigators (15,14) by monitoring the change in dissolved oxygen 
content of molten steel (0) with time. Fig. 7.7 shows dissolved 0 as 
well as total oxygen content of molten steel as function of time for 
deoxidation by electrolytic manganese. It shows that the dissolved 0 
decreases much more rapidlythan the total oxygen. This behaviour 
pattern has been found by all investigators. Turkdogan et al (Z) found 
deoxidation reaction with Si to be complete more or less within 2 
minutes. Olette et al carried out deoxidation by addition of aluminium 
shots as well as by injection of liquid aliuminium (Fig. 7. 8) and found 
most of the reaction to be complete within 1 minute (14). 

A scrutiny of Figs. 7. 7 and 7.8 reveal grossly 2 stages. 
Initially the dissolved 0 decreases rapidly in first 50 secs or so. 
This is followed by the second stage which exhibits a much slower rate 
of decrease of 0. This behaviour pattern has been explained as due to 
very fast speed of the three kinetic steps (b) and (c) and (d) which 
is responsible for the rapid initial rate, and reasonably fast speed 
of step (a) . 

Let us now try to present the supporting logic as well as 
experimental evidence for the above mentioned explanation. The 
reaction 


X CM] + y CO] = (Mj<0y) . . .7.15 

would take place mostly either on the surface of the added deoxidizer 
or on the surfaces of (M>^0y) particles. Therefore it is primarily a 
phase -boundary reaction. No one has been able to determine the rate of 
the actual phase boundary reaction step (step b) . However at high 
temperature it is mostly very fast, and has been assumed to be so 
here. Homogeneous reactions of course are faster even. 

Mechanism of dissolution of deoxidizer would depend on its 
melting point. The common deoxidizers. ferromanganese, 
ferrosilicon and aluminium, all melt below 1500 C. Therefore they melt 
and dissolve. Rate of melting depends on the heat requirement as well 
as rate of heat transfer to the deoxidizer. Dissolution of 
ferromanganese is endothermic. On the other hand, dissolution of 
ferrosilicon is slightly exothermic but its melting point is higher 
than that of ferromanganese. Therefore on overall count, both would 
perhaps melt at about the same rate. Aluminium is expected to melt 
faster due to its much lower melting point. 

After melting the dissolution of deoxidizer requires its 
mixing and homogenization in the molten steel bath. It would depend on 
intensity of fluid convection due to density differences (free 
convection) as well as stirring from other sources (such as induction 
stirring). However the whole process of dissolution may be delayed if 
tenacious oxide films form around the dissolving deoxidant. Chipman 
and his coworkers found difficulties of dissolving silicon in molten 


iron and attributed it to a tenacious film of silica. 

Ch i pman attributed some observed slowness in deoxidation 
reaction to formation of stable oxide films formed on the interface of 
regions with a high content of deoxidizing agent and a high content of 
oxygen. Grethen and Phillippe (1?) have presented photomicrograph of 
such film of MnO . AI 2 OJ in deoxidation system: Al-Fe-Mn. As Fig. 5 
shows. Olette et al demonstrated (5> that injection of liquid 
aluminium into molten steel gives faster deoxidation in comparison to 
addition of Al as shots. As we know it is being commercially practised 
as we 1 1 . 

Deoxidation involves formation of new phase (i.e. the 
deoxidation product) as a result of the reaction (5.9). New phases 
form by what are known as processes of nucleation and growth. 
Nucleation is the process of formation of a small embryo of the new 
phase which is capable of growth. Such an embryo (also called critical 
nucleus) consists of a small number of molecules and has a dimension 
of the order of ten Angstrom or so. 


Again, two mechanisms of nucleation are possible : 

(a) homogeneous nucleation which takes place in the matrix as 
such, and 

(b) heterogeneous nucleation, which takes place with the aid of 
a substrate. 

According to the classical theory, the work required to form 
a spherical nucleus homogeneously is 

CO = 4nr^V ^ A G/v) ...7,Z5 

. 5 , 

where Z is the interfacial tension between liquid 
deoxidation product, r is the radius of the nucleus, AG 
in free energy for reaction (7.13) per mole and v is the 
of the deoxidation product (i.e. the new phase), y is pos 
A G is negat i ve . 

from Eq, 2.6, 

AG =AG° + RT 

= - RT In K'm 

where Q is known as act 


In Q 

+ RT In Q = RT In 
ivity quotient. 


Q 


K’m 


. . .7.26 


steel and 
is the change 
molar volume 
itive, whereas 


For pure deoxidation product, in accordance with Eq. (7.16), we 
wr i te 

J CWgl'^lequi 1 ibrium ^ ^7 

K'm ' cwm]" 

Since AG is negative. J/K-„ <1. The inverse of J/K'm (i-s 


may 


i s 


J 


) 


known as supersaturat i on ratio (X) and is larger than 1. More negative 
^ G is, higher is X. 


Therefore, for higher rate of nucleation, the 

supersaturat 1 on is also to be higher. Investigators tried to estimate 
^ supe r sa t ura t 1 ons required for 'reasonable' rates of nucleation for the 
common deoxidation systems (16). 


Values of this 
different workers ranged 
(Al, Zr. Ti>, 500-4000 
silica. Such supersaturat! 
deoxidation by strong 
dioxidizers . 

According to Sano et al 
possible during the initial stage 
Moreover in the melt, exogeneous 
present always. These particles 
heterogeneous nucleation, which 
requ i red . 


as estimated by 
strong deoxidizers 
and 200-20000 for 
initial stages of 
much with weak 


(17) rapid homogeneous nucleation is 
of deoxidation even by Mn and Si. 
oxide particles are likely to be 
would serve as substrates for 
is easier because of less energy 


critical supersaturation 
between 10^ to 10® for 
for manganese silicate 
ons are attainable in the 
deoxidizers, but not so 


Anyway, to sum up the situation, it has been concluded by 
various workers that rapid nucleation of deoxidation product is 
possible when the deoxidizer is added. This has made rapid initial 
decrease of dissolved oxygen content possible. However as a result of 
reaction, the supersaturation in melt also comes down drastically. 
Therefore nucleation ceases after some time. 

Growth of deoxidation product occurs by a number of 
mechanism. All of them would be considered later in connection with 
their particle size. However, the growth by diffusion alone can 
contribute to the reaction and consequent lowering of dissolved 
oxygen. It has been analyzed by Turkdogan (16), Sano et al (17), 
Lindberg and Torsell (18). The essential conclusion is that growth by 
diffusion also is expected to be extremely rapid, taking hardly a few 
seconds for completion. This is in view of very large number of nuclei 
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formed (of the order of 10-10 nuclei/cm of melt). 

From the above discussions, it is evident that the 
deoxidation reaction accompanied by simultaneous nucleation and growth 
should be complete and equilibrium will attain within few seconds. 
However the assumption by all the above workers (16-18) had been that 
the dissolution and homogenization of the deoxidizer are 
instantaneous. Since this is not expected, dissolved oxygen decreases 
more slowly (Figs. 7.7 and 7.8). Dissolution is perhaps more or less 
complete during the initial stage, but the mixing and homogenization 
process even in the laboratory experiments take a few minutes and this 
seems to be the primary cause for slow decrease of dissolved oxygen 
content during the second stage although as Fig. 7.8 shows dissolution 
of solid may have some role to play here also. There have been many 
investigations on mixing both in laboratory and in industry in 
connection with other processes. 


7 . 2.2 


Kinetics of Removal of Deoxidation Products from Molten 
Steel 


As Fig. 7.7 shows the total oxygen content of molten steel 
decreases more slowly than the dissolved oxygen content. It has been 
observed universally. It may take 10/15 minutes even in laboratory 
melts to remove the total oxygen adequately. This behaviour pattern 
demonstrates that the removal of deoxidation products from melt is a 
slow process and is really the most important kinetic step controlling 
stee 1 c 1 ean 1 i ness . 


Growth by diffusion is expected to be complete essentially 
in seconds. Sample calculations (18) demonstrate that the deoxidation 

products can assume a size of at best 1-2 microns <1 micron = 10 ^ 

mm). This is because there are too many nuclei in the melt and, hence, 
each one has limited growth. In contrast, microscopic observations of 
solidified steel reveal presence of a large number of inclusions of 
size even above 50 microns. Therefore there are other mechanisms of 
growth which play important role. 

Example 7.5s Calculate the absolutely maximum size of deoxidation 
product as a result of growth of critical nuclei by diffusion alone. 
Assume the deoxidatiuon product to be silica, number of critical 

nuclei(z) per cm^ = 10^ and initially the melt contains 0.15 wt . pet. 
silicon and 0.05 wt . pet. oxygen. Temperature = 1800K. Ignore all 

interaction coefficients. 

So 1 ut i on ! The absolutely maximum size would be obtained only if a very 
long time is allowed and the system attains equilibrium. 

Si02(s> = CSi]^^t% + f20]^gt* > 

A at 1800K = 45000 cals/mole ...Ex. 7. 10 


asi 02 ® hence 

AG° = - RT In K = - RT In CWsi^ 
Hence. CWgj] CWq3^ = 6 x 10 


From react i on stoichiometry 

o o , _ 

Wsi - Wsi = ^^0 " *^0 > ...Ex. 7. 12 

o 5 2 o 

where Wg, = 0.15 wt. pet. and Wq = 0.05 wt. pet. 

or. Wgi = 0.875 Wo + 0.124 ...Ex.7.15 

Substituting Wsi from Eq. (Ex. 7.15) into Eq.(Ex.7.11> and solving 
iteration, Wq =0.007 wt . pet. 


by 


Material ba 1 ance for oxygen 


oxygen in 10^ nuclei+ residual oxygen in 1 cm^ of melt 

= initial oxygen in 1 cm^ of melt 
i.e. ^ 52 

10 X V X -- + 7.16 X 0.007 x 10 ^ = 7.16 x 0.05 x 10“^ 

...Ex. 7. 14 

where V is volume of one particle of Si02.25 is molar volume of Si02 

in cm^ and 7.16 is density of liquid iron in gms cm'^. 

Solving Eq.<Ex.7.14> for V and assuming the particle to be 

spherical, radius (r) of particle is equal to 6.7 x lo“^ cm. i.e. 6.7 
microns. Since growth by diffusion takes places for a short time, 
actual radius will be less than this. 


Kinetics of removal of deoxidation products from molten 
steel consists of the following steps: 

(a> growth, 

<b) movement through molten steel to surface or crucible 
wall, 

(c> floating out to surface or adhesion to crucible wall. 


Sano et al (17), Lindborg and Torsell (18) carried out 
fundamental investigations with laboratory melts . Out of these the 
latter has received wide acceptance because their theoretical analyses 
were supported by inclusion counting and size analysis. Besides 
diffusion. they considered the following additional mechanisms of 
growth. 


(a) Ostwald Ripening (i.e. diffusion - coalescence): According to 
this mechanism, larger particles of deoxidation product grow at the 
cost of smaller ones. However this mechanism does not have any 
significant contribution to growth of deoxidation product. 


(b) Stokes Collision: In a quiet 
(i.e. laminar flow), a spherical 
moves according to the Stoke's 
velocity (v) is given as _ 

g d"^ ( Pg - Jf) 

18 k 


fluid and at very low Reynold's no. 
particle of solid, at steady state, 
law of settling and its terminal 


...7.28 


where g is acceleration due to gravity, d is diameter of the particle, 
K is viscosity of the fluid. jPg and Xf are densities of solid and 
fluid respectively. This equation may be applied even to motion of gas 
bubbles and liquid droplets provided these are small in size (less 
than a millimeter or so). Since deoxidation products are lighter than 

2 

holten steel, they move upwards .Equat ion (7.28) shows that v c>o d , 
other factors remaining constant. Therefore particles of different 


sizes would move at different speeds. During this process many of them 
are likely to collide with one another. Lindborg and Torsell (18) 
assumed that they would coalesce and form one particle as soon as they 
collide. This is the mechanism of growth by Stokes Collision. 

(c) Gradient Collision: Suppose the melt is not quiet and there is 
some stirring and consequent turbulent flow. Then the liquid moves in 
irregular eddies. The minimum size of such eddy under conditions of 
Torsell 's experiments was estimated as 500 microns. Since inclusion 
sizes were much smaller than this, it was assumed that any oxide 
particle would move along with the eddy in which it is contained. 
Since different eddies have different velocities (both in magnitude 
and direction) they would all the time collide enhancing the chances 
of collision of deoxidation products leading to their coalescence and 
growth . 

Example 7.6: Liquid steel is being deoxidized by addition of 

ferrosilicon at 1600°C. The deoxidation product is globular silica. 
Calculate the time required for particles of diameter 5 micron and 50 
micron to float up through a depth of 10 cm and 2 meters. 

Given : Densities of liquid steel and silica are 7.16 x 10^ and 2.2 x 

10^ kgm ^ respectively. 

Viscosity of liquid steel = 6.1 x 10 ^ kg m ^ s ^ 

g = 9 . 8 1 ms ^ 

Solution ; Assume that the particles 

given by Stokes Law from the beginning. 

Then time to float up (t) 

L X 18 H 18i* 

' ' 9 (ft - ?f) “ 

If d is expressed in micron (10-^m) and time in minute 

18h lO"^ L 

I a X X -r 

g (fg - /f) 60 d'^ 

18 X 6.1 X lo”^ X 10^^ 

* - 3 "2 

9.81 X (7.16-2.22) x 10 x 60 d 
4 ^ 

= 5.6 X 10^ X min 

d 


. . .Ex.7. 15 

L 


have steady , termi nal velocity 
Depth of steel (L) 

V 

L 


. . .Ex. 7. 16 



Calculations yield 


L 

( in 

m) 

If 

o 

1— • 

0.1 

2 

2 

d 

( in 

mi cron ) 

= 5 

50 

5 , 

50 

t 

(in 

min) 

= 150 

1.5 

5x10^ 

50 


These theoretical expectations were confirmed by laboratory 
experiments (18) as shown by Fig. 7. 9 for silicon deoxidation. Very 
little oxygen (total) is removed in the 1st stage because the 
particles are small and they do not float out rapidly. Then particles 
grow rapidly due to collision and start floating out rapidly giving 
rise to rapid oxygen removal in the 2nd stage. Since most large 
particles float out at this stage, further floatation and removal in 
the 5rd stage is slow. 

It has been well-established that stirring helps in the 
removal of deoxidation products (14,17,19). A stirring contributes 
faster growth of oxide particles and hence help the removal of 
deoxidation product. There are workers who are of the view that a 
rec i rculatory motion of bath such as in induction stirring actually 
makes floating out of inclusions difficult (15) but Miyashita et al 
(19) on the other hand, have shown that even in induction stirring the 
rate of floating out of inclusions is much larger than that predicted 
by Stokes’ Law (Fig. 7. 10). 

In 1957, E. Plockinger et al (12) demonstrated that, 
contrary to the ideas of the time, primary inclusions rich in alumina 
could be eliminated several times more quickly than silicates at 
comparable sizes. It was subsequently shown by some other 
investigators that the chemical nature of deoxidation product has 
significant influence on its removal. Since the particle can interact 
chemically with the melt at the interface only, it was apparent that 
interfacial phenomena cannot be ignored. One of the most decisive 
experiments was by Negi et al (20) who found that addition of little 
surface active agent such as tellurium to molten steel accelerated 
elimination of oxide inclusions (alumina, mullite and zirconia). 

Interfacial phenomena can influence all stages, viz. growth, 
movement and floating out/removal of deoxidation products. Previously 
it used to be believed that only a liquid deoxidation product is 
capable of growth to a large size since they coalesce together upon 
collision. Discovery of large coral-like alumina clusters violates 
this contention (21). Some investigators (15,21) have claimed that 
small alumina particles coalesce together upon collision due to the 
fact that molten iron does not 'wet’ alumina. Therefore alumina- 

alumina interface has considerably less energy as compared to alumina- 
iron interface. Some other investigators also have supported this vi®w 
broadly. Singh (22) explained nozzle blockage in aluminium deoxidized 
melts by a mechanism similar to that found by Olette. Ofcourse this 
view has been questioned by some others who are of the opinion that 
these clusters may form during solidification in interdendritlc space. 
However even if it occurs in dendritic cavities during solidi ication 
there is no doubt that these form primarily in melt itse . 



^99 1 rat i on of inclusions takes place by flocculation 
(i.e. establishing contact) and coalescence. Lindborg and Torsell (18) 
assumed these to be instantaneous. Kazakevitch and Olette (21) have 
tried to elucidate the mechanism. First of all, contact is established 
at some points. Coalscence takes place by drainage of molten steel out 
of the region between the two particles due to capillary forces. 
Coalescence is easy in case of liquid deoxidation product. For solid 
particles, it happens by sintering ( 20 ). 

It was recognised quite some time back that the oxide 
particles may almost come up to the free surface of molten steel. 
However it is likely to take a little more time or face difficulties 
in actually floating out on the surface if the interfacial forces are 
not favouralbe. Similarly a particle may come in contact with the 
crucible wall, but may face difficulties in actually getting stuck on 
to the crucible wall if interfacial forces are not favourable. This is 
specially important for stirred melts since the particles are not 
likely to stay long near free surface or crucible wall, and are likely 
to be swept back into the melt. Therefore a number of workers studied 
these aspects (15). 


Kazakevitch et al (21) have elucidated the fundamental 
considerations for emergence at free surface of melt and at slag-metal 
interface. Emergence at a free surface can take place if 


G 29 < 0 . where 


A G29 





. . . 7.29 


Vp is surface tension of the deoxidat ion product, is the surface 
tension of molten steel and J p^, is interfacial tension between the 
deoxidation product and molten steel. On the other hand, if there is a 
slag layer on metal surface, then the condition for emergence is 


AG26 < 0 , 1 y y 

where AG26 = ^ ps “ ®ms ~ °pm 


. . .7.50 


where Vpg and interfacial tensions at particle-slag and 
metal-slag interfaces respectively. If calculations are carried out 
then it would be found that AG is mostly negative for all systems. 
Actually it is a question of how strongly negative it is. More 
negative is AG. easier would be emergence and hence removal of the 
oxide particles. Since slags would wet the deoxidation product, A Gjq 
is always expected to be more negative as compared to AG29- 
Therefore a slag cover on molten steel ought to help in removal of 
deoxidation product, and experimental findings support this (23). 


and 


low 

CaO 


Nakanishi et al (24) deoxidized liquid iron containing ^300 
ppm of oxygen by aluminium in laboratory high frequency induction 
furnace using crucibles of different materials. Extremely 
concentration of oxygen (12 to 14 ppm) were obtained with S 1 O 2 
crucibles, whereas oxygen was higher (54 to 42 ppm) for ^Z^02 

and MgO crucibles. X-ray microanalysis of. S 1 O 2 and CaO crucibles after 
deoxidation revealed an increase of AI 2 O 5 concentration on their 

have been corroborated by 


surfaces 


These observations 


other 



investigation and are caused by interfacial forces. 


To sum up. for production of clean steels with low oxygen 
content upon deoxidation, 

(a) the deoxidation product should be chemically very stable and 
should preferably be liquid, 

<b> the melt should be stirred, 

(c) the interfacial forces should be favourable for elimination 
of the oxide particles. 

It is to be also noted that extensive investigations have 
been earned out on particle size distribution, nature and morphology 
of inclusions in steel as affected by deoxidation practice. However 
inclusions also arise during teaming and solidification. Hence this 
topic would be discussed later. 

7,2.5 Deoxidation on Industrial Scale 


Deoxidation is carried out In industry in furnaces, ladles, 
runners and even in moulds. It is beyond the scope of the present 
write up to describe all these. These fundamentals of deoxidation 
thermodynamics and kinetics as established through laboratory 
experiments do apply to industrial situations as well. However the 
conditions in the latter are different from laboratory in a number of 
ways, and is much more complex. Here it is intended to discuss these 
very briefly. 

An industrial vessel is much larger in size as compared to a 
laboratory crucible. Therefore. 

(a) The deoxidation products take much longer time to float up 
or to come in contact with lining. 

(b) Mixing and homogenization of bath is much more difficult as 
compared to laboratory situation. 

In addition to the above the following have to be kept in 

mind. 

(a> An industrial melt is contaminated by presence of exogeneous 
oxide particles coming from refractory linings and slag. 

(b> There may be a thin layer of slag covering the’ free surface 
of the metal . 


As discussed earlier stirring assists in faster growth of 
oxide particles through gradient collision. It also helps m faster 
rise of the oxide particles. Hence, for production of cleaner steel 
stirring of molten metal i" ‘he bath by inert gas purging has been 
widely adopted. Trials carried out in a UOt melt demonstrated that 
(25) that the oxygen content of melt decreased Mre rapidly as 
stirring was increased. However the acceleration of the process tends 



towards a limit as the stirring power increases because it increases 
the risk of reentra i nment of oxide particles from surface to the 
interior of the melt. Similar findings have been reported bgy some 
others. Therefore stirring should be opti mum . 


Ghosh and Choudhary (26) carried out deoxidation by 
ferromanganese and ferrosilicon in 6t and It electric are furnaces. 
Their findings point out that deoxidation equilibria could be attained 
within 10 minutes after addition of deoxidizers if only stirring of 
bath by CO evolution was reasonable. 

Therefore mixing, homogenization, nature of fluid motion in 
the melt is of crucial importance for proper dioxidation practice. 
Other strategies are also adopted by industries. One such strategy 
isto obtain liquid deoxidation product by proper sequence of addition 
of Si, Mn and Al, Liquid deoxidation products tend to coalesce and 
grow rapidly upon collision and hence eliminated faster. Injection of 
synthetic slag powders, sizing of deoxidizers, and synchronization of 
their addition with tapping in ladle deoxidation are some of the other 
strategies one may think of. The location of addition should be such 
that the deoxidizer disperses quickly throughout the melt. 

Many experimental and plant studies (19) have shown that the 
rate of separation of deoxidation products in stirred melts can be 
represented by an equation of the form 

Ct » Co exp (- kt) . . .7.51 


where Cq is the initial concentration of inclusions. C^ the 
concentration of inclusions at time t. and k the apparent separation 
constant, k obviously would depend on stirring. 


However Eq.(7.51) should be taken only as an approximate guide. 
For example, Suzuki et al(27) measured total oxygen content as 
function of time in ladle stirred by argon. Their data are presented 
in Fig.7.11. The mean curve is also superimposed on the data. 
Employment of Eg. <7. 51) on their data at stirring tim^s o| 4 minutes 
and, 10, minutes yielded values of k equal to 2.7 x 10 s and 1.7 x 
lO"^ s~^ respectively. These are significantly different. It is to be 
borne in mind that total oxygen content of liquid steel also includes 
dissolved oxygen content in addition to oxide particles. Moreover some 
reentrainment of particles also occurs. So even after prolonged 
stirring it sttiicly valu0 of oxygen content remains in the. mei * 

From the above considerations, a more appropriate equation is 


* CAWp^i exp <" 


.7.52 


where AW 


'o 


s difference of wt.pct. total oxygen at time t after 
stirring and that at steady state. In Fig.7.11 if the steady 
taken as approximately >0 ppm. the values_^f kjBvaluated at st^rrinj 

times of 4 mins and 10 mins are 4.9 X 10 s^^ and 4.2 x 10 s 

respectively. These are much closer to one another. 



7.2.4 


Concluding Remarks 


A new technique that is being tried now is filtering of 
molten steel by using porous filter of ceramics. It is a challenging 
problem for ceramic technologists and its success is yet to be 
ascertained. 

7.5 CLEAN STEEL <28.29) 

Inclusions are non-metallic particles embedded in the matrix 
of metals and alloys. It may be stated that inclusions have been 
generally found to be harmful to mechanical properties and corrosion- 
resistance of steel. This is more so for high-strength steels for 
critical applications. Therefore production of 'clean steel' has 
received considerable attention. However no steel can be freed from 
inclusions. The number of inclusions has been variously estimated to 

range between 10^^ - 10^^ per tonne of steel. Therefore we can talk 
about cleaner and cleaner steel, but not clean steel (strictly 
speaking). Again the yardstick of cleanness depends on how one 
assesses it. For example, most of the inclusions are submi croscop i c . 
Therefore a microscopic examination cannot faithfully assess 
cleanness . 

Above considerations lead to the conclusion that cleanness 
is a vague and relative term. Which steel is clean and which steel is 
dirty, can be found only when we know its applications and consequent 
property requirements and then we know the corresponding limiting 
size, frequency of occurence and properties of inclusions. It is also 
to be recognised in this connection that a complementary strategy to 
make inclusions relatively harmless is to modify them. This is known 
as inclusion modification. The subject of inclusion modification shall 
be dealt with in a subsequent chapter. 

This section shall be concerned with factors contributing to 
cleanness of steel only. It is to be noted in this connection (28) 
that inclusions of larger size (may be called macro inclusions) are 
much more harmful and ought to be eliminated. On the other hand, 
presence of microinclusions can be tolerated. As a matter of fact the 
latter can even be beneficial. They can, for example, restrict grain 
growth, increase yield strength and hardness, and act as nuclei for 
precipitation of carbides, nitrides etc. 

The critical inclusion size is not fixed but depends on many 
factors. Broadly speaking, it is in the range of 5 to 50 microns. 
Inclusions are mostly oxides and sulphides and sometimes oxysu Iph i des . 
Their distribution and intensity of occurence in ingots and 
continuously cast sections would depend primarily on ; 

coming with molten metal during 
during freezing inside mould due 


(a) non-metallic particles 

teeming, 

<b) inclusions originating 
to deoxidation etc. 



and (c) ability of non-metal 1 i c particles to float up. 

Fundamentals of floating up of particles through a liquid 
bath have been discussed in sec. 7. 2. However, in solidifying steel, 
entrapment of particles by the dendrite arms is a major factor. Since 
phenomena during casting are not going to be discussed in this course, 
it will be skipped. 


7.y.l Factors Affecting Occurence of Non-Metal lie 

Particles in Liquid Steel in Mould 

The factors are : 

<a) products of deoxidation and desulphurization of 
liquid steel in ladle; deoxidation has already been discussed; 
reaction of sulphur and formation of sulphide inclusions shall be 
taken up later. 

<b> oxygen pick up by teeming stream from air and 
consequent formation of oxide, 

(c> erosion of refractories coming into contact with 
liquid steel in ladle, teeming nozzle and stopper. 

(d> entrapment of slag particles in ladle. 

Inclusions arising out of (a) are known as endogeneous 
inclusions. These are small, numerous, rather uniformly distributed 
and typical of the steel in which they occur. Sec. 7. 2 has discussed 
fundamentals related to endogeneous inclusion formation. 

Inclusions arising out of other factors are known as 
exogeneous inclusions. These are larger in size, scarce and haphazard 
in occurence. Table 7.2 (30) shows the findings of Pickering's 
investigations. The approximate relative volumes of exogeneous 
inclusions from refractory erosion were found to be much more than 
those of endogeneous inclusions. McLean (31), in a recent review, also 
asserted that erosion of refractory linings of nozzles. stoppers, 
runners etc. as a serious source of large inclusions. Besides he 
quotes several investigators who have found macroinclusions of size 
larger than 100 micron also originate from reoxidation of steel stream 
during teeming. In one study, 60-63* of inclusions were eliminated by 
argon shielding. Reoxidation products tend to form inclusions richer 
in weaker oxides (e.g. FeO, MnO). This has been observed by many 
investigators (52). 



Table 7.2 : Average Sizes and Relative Abundance of Inclusions (50) 

Type of inclusion Avg . diameter , Approx . re lat i ve 

micron volume 


1 . 

Alumina spinel and 

CaO.6 AI2O3 

(other than clusters) 

5 

1 

2 . 

Other calcium aluminates 

27 

160 


Secondary deoxidation 
products 

32 

260 

4. 

Primary deoxidation 
products <Si-kilied) 

49 

940 

5. 

Erosion of silicates 
< A1 -k 1 1 1 ed stee 1 ) 

64 

2100 


6 . 


Erosion of silicates 
(Si~killed steel) 


107 


9800 
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Mg 
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Schematic diagram of oxygen sensor 
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Inclusions in solid steel 
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Chang© of oxygen content in the stirred iron 
melt obtained by calculation assuming Stokes* 
law, and that by vacuum fusion analysis 
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I Total oxygen content of mol tent steel as 
function of time in argon stirred ladle 




CHAPTER 8 


DEGASSING AND DECARBURISING OF STEEL 

N. K. BATRA 

8.1 DEGASSING OF STEEL ' 

8.1.1 INTRODUCTION 

The word degassing implies Lhe removal of dissolved gases such as 
hydrogen and nit-rogen from Lhe liquid bath before casting. These gases 
have got limited solubilities in the liquid iron but very little in 
the solid iron as shown in Fig. 8.1. Concentrations of the gases in the 
liquid near the solid-liquid interface during the solidification 
stages of steel may build up to such an level that gas bubbles are 
formed and if the same cannot leave the bath due to the net work of 
dendrites in the solidifying mass, the bubbles give rise to blow 
holes. The phenomenon is similar to that of CO formation in semikilled 
and rimmed steel. Such blow holes are detrimental to the soundness and 
mechanical properties such as strength, toughness etc. of steel. 
Similarly if the gases are present as supersaturated solution in solid 
state, the material may crack even under reduced stress conditions.lt 
is very time consuming, expensive and difficult to get rid of these 
gases in the solid state, and the best way to have low gases in the 
finished steel is to control the contents of these gases in the liquid 
state itself. As there may be some unavoidable pick up of gases during 
tapping and teeming operations in atmospheric air, it is advisable to 
degasify the liquid steel in the furnace or ladle to levels below the 
specified values for the finished steel. 

8.1.2 Basic Principles 

Molecules of diatomic gases such as hydrogen and nitrogen tend 
todissociate and go into solution as atoms in the liquid iron as 
follows: 

H^(5)= 2H 

K = f Cwt.^ HlVp 

H H 

1 - _ ® _ -a 1 ft 

IC’Q — a. 


. . . 8 . 1 
. . . 8 . 2 
. . . 8. 3 


and 



f \wt.!« 
N 



. . . 8. 4 

. . . 8. 5 


log K 

w N 


376 


2. 4S2 


. . . 8 . 6 



f » activity cooffici©nts of hydrogen and nitrogen in 

liquid i ron» and have the unit values of 1.0 in very dilute 
solutions. and are the partial pressures of hydrogen and 

ft ^ ft 

nitrogen respect! vel y. 

A nu)tib»er of" t !her jnociynamii c studies ere reported in tHe litereture 
which are aimed at finding the activity coefficient values in presence 
of alloying elements in liquid iron. The results are summarized in 
terms of interaction parameters which may be used to find f and f 
as f ol 1 ows : h w 

M M 

J 

log f = r Cwt. 

^ H ^ W ^ 

J 

values of interaction parameters for species of interest are 
summar i zed i n Tabl e 8.1, The computed sol ubi 1 i t i es of hydr ogen and 
nitrogen at various partial preastures of" theao gao^s at ISOO C aund 
IVOd^C are plotted in Fig. 8.2. The effects of alloying elements in 
steel on the solubility limits of these gases at 1 atm pressure are 
shown in Figs. 8. 3 and 8.4. In generals solubilities tend to fall with 
rising levels of silicon and carbon but increase with increase in 
contents of other elements which form stable nitrides or hydrides. 

8* 1 • 3 Nitrogen Control 

The principal source of nitrogen contamination is the atmospheric 
air> though it may also be present to some extent in the charge for 
steel making or alloy steel making. The Basic Bessemer process suffered 
mainly because of the increased and unavoidable nitrogen pick up near 
the end of refining. In Oxygen Steelmaking» the problem of nitrogen 
pick up does not arise due to the use of pure oxygen for refining 
purposes » and a blanket provided by the slag cover at the top. Control 
of nitrogen in electric arc furnace steelmaking is more difficult as 
the slag may be pushed back by the force of arc, and temperatures in 
the vicinity of the arc are very large. It is important to maintain a 
certain degree of carbon boil which helps to remove the absorbed 
nitrogen gas by lowering the partial pressure of nitrogen gas above 
the bath. A materials balance gives the following : 


_ CdN /dt:> 
28 ““ 


N 


^ CdN /dtD + ^ CdC /dtD 


f"" CN 


N 


. 8. O 


or simplifying and by taking CdN /di3 << CdC /dt5 

^2 


1 28 
i— CdN /dt:> = 
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IT" 


C dC /dt5 


. . . S. lO 



steady conditions may be reached when the rate of nitrogen removal 
equals the rate of nitrogen pick up by the bath. Under the reducing 
slag conditions, one must take into account the tendency of nitrogen 
pick up while determining its duration and purpose of controlling 
other elements such as sulphur and oxygen in steel. 

Against the solubility limit of around 0.045% . the actual 

nitrogen contents of the' commercial steels may vary from 0. 003 to 
0.006% . Further lowering of nitrogen is made possible in the 

secondary refining units by lowering the partial pressure of N gas 

and by maintaining certain degree of agitation to the bath. The^ most 

common vacuum treatment processes used in the steel industry are shown 
in Fig. 8.5. In the early applications of vacuum degassing, it was 
observed that nitrogen is not very effectively removed, as the 

reaction rate Ci.e. equation 8.40 is strongly influenced by surface 
active solutes such as sulphur and oxygen. Results as obtained by 
Pehlke are plotted in Fig. 8.6 to show the detrimental effects of 
oxygen on the rate of nitrogen removal from the bath. Swish and 
Turkdogan has reported that rate of nitrogen removal is inversely 
proportional to the oxygen content of the bath. 


8.1.3 HYDROGEN CONTROL 

The primary sources of hydrogen are water vapours in the 
atmospheric air, and the water content of the wet refractory lining, 
mould lining, slaked lime and scrap etc. The dissociation of H in 

the gas phase gives rise to hydrogen in steel as follows : 

H O Cg5 = 2H + O ... 8. 11 

2 a _ _ 


K 


OH 


f f^ Cwt. % H]^[ wt. % 03 

O H 


H O 
2 


1 og K 


10390 


OH 


- 0. 16 


. . . s. la 


. . . 8. 13 


The amount of hydrogen absorbed would depend upon the oxygen content 
of bath and partial pressure of H O gas, the maxiimm value being 
limited by the reaction 8.1 at unit partial pressure of hydrogen gas. 
The results of computations are plotted in Fig. 8. 7. Against e 
solubility limit of 25 ppm C . 0025 wt.%:) actual hydrogen levies in 
commercial steel are of the order 3 to 8 ppm. A part of hydrogen 
absorbed is removed during CO boil i . e. 


CdH/dt3= 
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In some sensitive steels and 
hydrogen contents of steel are 
degassing of steel is necessary 


alloy steels, the upper limits on 
specified to be below 3 ppm and 
to get such low levels of hydrogen. 



The principal methods of hydrogen removal are the same as that used 
for nitrogen removal i.e. by argon purging of bath or the use of 
vacuum systems shown in Fig. 8.5. Unlike nitrogen, the adsorption and 
desorption of hydrogen are reported to be rapid and reaching 
equilibrium. The following equation may be used to determine the rate 
of hydrogen removal by argon purging Cassuirdng V >> V 3 


1 1 ac dH /dtD W = 


where ^ W is weight of bath in tons and V is the flow rate of argon 
in Nm /min. If there is a fall in temperature due to argon purging, 
the same must be taken into account while calculating the value of K 
using equation 6.3. The normal rate of purging gas is around .Ol* 
Nm /ton/mi n whereas only 0. 0005 to 0. 001 Nm^/ton/min is required to 
promote homogenization. It may be important to mention here that once 
the steel bath is degassed, it has a tendency to pick up hydrogen 
again rapidly if it is allowed to come in contact with any source of 
hydrogen. For this reason it is very important to ensure that any 
additions made after degassing are completely dry and the mold lining 
as well as casting fluxes are free of any dampness. Best results on 
vacuum degassing are reported in case of unkilled steel where the 
vigorous CO evolved during solidification acts as both homogenising 
medium and scavenger for the residual gases in steel. 


8.2 DECARBURISATION OF STEEL 


8 . 2.1 


I nt roduc t 1 on 


The effective decarburisation of steel bath with minimum losses 
of iron or other valuable elements such as manganese and chromium is 
key to the success of any steelmaking, alloy steelmaking and secondary 
steelmaking processes. The sources of carbon are many fold i . e. blast 
furnace iron, high carbon and medium carbon ferro alloys, graphite 
electrodes etc. whereas the desired levels of carbon in the finished 
product may vary over a range depending upon the nature of the product 
produced. In some categories of steel such as soft iron, annealed 
dynamo steel, special deep drawing steel, austinitic stainless steel, 
and high chromium alloy steel etc, the specified carbon levels are very 
low i.e. 0.01 to .04 pet. Generally there are no practical 
difficulties in refining high carbon steel either in basic oxygen 
steelmaking or electric are furnace steelmaking but problems arise 
while decarburising steel to very low levels of carbon. In many cases, 
the opening carbon analyses of the bath is kept to be around 0.5 pet. 
greater than that of the finished steel so that due advantages is 
taken of the carbon boil period in homogenizing the bath as well as 
degassing of steel to some extent as mentioned before. 

8.2.2 Production of Low Carbon Plain and Low Alloy Steels 

Removal of carbon occurs at the cost of an oxidizing medium i.e.O 
lancing, iron ore additions, mill scale, Mn ore etc. As carbon level 
falls, oxygen level in bath builds up i.e. 



. . . 8. 15 



In secondary steel making, use is made of the dependence on the 
pressure of the carbon-oxygen reaction so that oxygen level does not 
rise to give high iron losses even at low carbon values. As a matter 
of fact, if carbon and oxygen in the bath are 0.04 and 0-05 pet. 
respectively to start with, no further oxidizing medium is needed in 
lowering the levels of both elements to 0.01 pet. by maintaining the 
partial pressure of CO gas at around 0.05 atm. If starting levels of 
carbon are greater than 0.04 pet., additional oxygen supply becomes 
necessary to bring carbon levels to around 0.01 pet. and the final 
oxygen level would depend upon the partial pressure of CO gas 
prevailing in the system. There are various ways in which the partial 
pressure of CO gas can be reduced for bulk decarburization of bath ; 

CiD Argon or nitrogen purging of bath in the ladle 
Cii3 Use of mixed or inert gases in bottom blowing or combined 
blowing converters 
Ciii!) Vacuum treatment units. 

Low carbon steels produced at reduced pressures, would not 
require much of further deoxidation before tapping. This in turn 
minimizes the formation of non-metal lie inclusions in the solidified 
steel as a result of complex reactions occurring between the alloying 
elements and residual oxygen during the solidification stages of 
steel, and thus would produce much cleaner steels. 

8.2.3 Decarburising of High Chromium Melts 

Chromium and manganese have got higher affinities for oxygen than 
iron, and if present in the melts, would get oxidized to slag when an 
oxidizing medium is added to achieve decarburisation of steel. Earlier 
methods of refining with ore additions were limited to low chromium 
levels. Soft but expensive low carbon ferro-chromum alloys w^e 
added to get the right composition after the decarburization. The 



advent of oxygen lancing in 1940*s enabled to use cheaper grades of 
high carbon ferro-chrome alloy and the alloy steel scrap as sources 
of chromium in the charge. Very high temperatures of 1800'^C or more 
could be rapidly obtained by blowing oxygen, and it minimized the 
oxidation of chromium in the melt. Final adjustments of the bath at 
the end of the oxygen blow could still be done by adding low carbon 
scrap or ferro alloys. Further, much of the oxidized chromium in the 
slag got reverted to metal in the subsequent reducing period where 
f er r o~si 1 i con and lime were added to the furnace with some means of 
stirring the bath. This period promoted desulphurisation of metal but 
made difficult removal of any phosphorus from the charge. The 
oxidation and reduction reactions can be understood by considering the 
f ol 1 owi ng : 


Cr^O^ + 4C == 3 Cr + 4 CO Cg5 


. . . 8 . 21 


log 


t% Cr] 
C3 


1 3800 

T + 4. 21 [>s Ni ] 


+ 8. 76 


O. 925 log p^Q 
... 8 . 22 


Cr O + 2 + 4 CaO = 2 C2 CaO. SiO D + 3 Cr . . . 8. 23 

W 4 - 2 


log CX CrD^j^^ = 1.283 log LX Cr] - 0.748 log IX Sc3 

- 1 . 709 - O. 923 ... 8. 24 

2 

The results in the reducing period are affected a great deal by the 
lack of vigorous stirring of the bath. It was a common practice to 
resort to refur nacing and reladling of metal to homogenize the bath, 
promote slag-metal reactions and to reduce the wear on the 
refractories. Coolants in the form of scrap etc. were often used to 
cool the bath Just after the oxygen blow. 

Equation 8-22 is plotted in Fig. 8. 9 which shows that high 
chromium levels of over 15 pet. can be retained in the batl^ while 
decarburising below 0.05 pet. carbon at temperatures above 1900 C. The 
amount of silicon in the melt prior to oxidation was kept below 0.25 
pet. to avoid excessive wear of the refractory lining material. The 
technology of oxidizing the bath at very temperatures and subsequent 
reduction of the slag helped in the bulk production of austinitic 
grade of stainless steal at relatively low costs. The process has 
since been discarded in favour of more versatile processes which 
relied on the reduced pressure of carbon monoxide for batter recovery 
of chromium instead of high and difficult to handle temperatures. This 
may be visualized from the equation 8-22 itself and or the plots shown 
in Fig, 8. 10. The means of refining high chromium melts under reduced 
pressure conditions are discussed below. 



8 . 2 . ^ 


Argon - Oxygen Decarburisation 


An argon oxygen dec arborising vessel is schematically shown in 
Fig-8-^^‘ ^ mixture of argon and oxygen is blown through the tuyeres 

to effoct removal of carbon at low p . EXjring finished stages, at 
the end of blow, pure inert gas may be blown to mix metal and slag 
for increased recovery of chromium and also to keep the tuyeres open. 

A typical log sheet for production of stainless steel in an A. O. D. 
vessel is shown in Table 8.2 where O to Argon ratio is changed from 
3.0 to nil in three steps. As long as carbon content is high, partial 
pressure of CO gas need not be reduced to retain chromium in metal and 
high to Ar ratio may thus be employed. With O to argon ratio of 1 
to 3. p^^ will be close to 0.4 and at temperature of 1700'^C, Cr to C 
ratio "^^in the melt is computed to be 178 i . e. 15?i Cr can be retained 
in melt at the carbon level of 0.084%. It is desirable to have silicon 
at 0.20 percent maximum to reduce the lining wear, reduce time, and 
excessive temperature increase to some extent. In the early stages of 
blow, argon may be replaced by low cost nitrogen. If necessary alloy or 
cooling scrap can be added at intermediate stages to lower the bath 
temperature and to reduce the wear on the refractory. As such, there is 
no need to resort to refurnancing and reladling of metal as practiced 
earlier. Any chromium in slag is stripped by adding silicon bearing 
agents and lime from the top and blowing argon from the bottom for 
vigorous stirring of bath. Recovery of chromium from the charge is as 
high as 98 pet. and that of manganese is in the charge 85 to 90 pet. If 
extra low sulphur C0.005%D in the alloy steel is required. the same may 
be attained by removing the first slag and building up another 
reducing slag with constant argon stirring of bath. 

The life of the bottom or submerged tuyeres is affected adversely 
by the high oxygen to argon ratio during blowing. For treatment of high 
carbon Cover 1.5 pet. D melts, top lanced oxygen blowing facilities are 
incorporated in the process to enhance the rate of decarburisation. 
Argon or argon-oxygen mixture are still blown from the bottom tuyeres 
to maintain homogenization of the bath during the period of oxygen 
refining by top blowing. As carbon is reduced and low p^^ becomes 
important for retaining chromium in the ba t h, top lancing 
is discontinued and the practice reverts to the conventional mixed gas 
technique. Thermal efficiency of the process may be improved by burning 
a part of CO gas to CO by using a sub sonic lance of instead of 
supersonic lance used in LD steel making. Mixing to the bath is aimed 
independently by the bottom blowing of gas. This helps to incorporate 
more cold metal and scrap in the change without needing to melt he 
same in an arc furnace or cupola. Experience gained with the tottom 
and combined oxygen steel making at various parts of the world has 
helped to develop the AOD process for the effective decar bun sat ion of 
high chromium melts at much lower costs. 


8.2.5 Vacuum Oxygen Decarburisation 

Schematic of the vacuum decarburising vessel is 

Fig. 8. 12. In many ways at is similar to the argon oxygen process in 

j j * 4 ^,1 »-.r'ocre:itre of CO qas to minimize chromium 

providing a reduced partial pressure oi v-w 



oxidation In design, it i* an ossantially a modified ladlo dogassing 
unit except for the addition of a lance for injecting oxygen into the 
bath. Table 8 3 compares the performance and design features of the 
VOD units with these of the AOD units. The required low p is 

attained by the reduction of total pressure above the bath ratfier than 
by dilution of CO gas by argon. Argon gas in VOD units is passed for 
providing agitation and breaking the slag cover . Si 1 i con content in the 
charge to the ladle vessel is kept below 0.25 percent to help control 
the rise in temperature and minimize the refractory wear. The rate of 
oxygen injection to the vacuum vessel would depend upon the rate at 
which the gases can be pumped out from the system. High carbon melts 
would require high rates of oxygen injection for rapid decarburisation 
and it may be done without resorting to vacuum in the ladle or 
converter till carbon levels below 0.5 pet. are achieved. The major 
advantages of a VOD unit over on the AOD units are as follows: 


Cij Much lower pressures of CO gas can be attained which favours 
decar bur esati on of bath to very low carbon levels and 
increased recovery of chromium. 

Ciij The overall consumptions of argon gas and reducing mix are 
1 ess . 

CiiiD Heat efficiency is better due to less heat being carried 
away by the flue gases. 

Civj Better control of the process by measuring the analysis and 
volume of flue gases and taking bath samples. 

It has got the following disadvantages: 

Cij Cost of the vacuum plant may be high. 

Ciij There are difficulties in removing the slag and making fresh 
reducing slag to produce very low sulphur alloy steel as the 
VOD installations are not provided with a means of slag 
di sposal . 

Typical changes in the temperature and composition in the VOD 
ladles and VOD converter processes are shown in Fig. 8.13. The choice 
between the two depends upon the initial carbon content of the change 
as mentioned before. Nippon Steel Corporation at Yawata works have 
used the VOD process in combi nat on with basic oxygen furnaces for 
steelmaking for the production of ferritic stainless steels since 
1071. The convention practice of LD steelmaking resulted in an 
increased consumption of BOF refractory, reduced metal yields, lower 
heat efficiency and productivity due to the need to remove phosphorus 
rich slag after first blow. Further improvements were made around 
1980’ s by incorporating the dephosphonsation treatment of hot metal by 
soda ash injection technique prior to decarburisation in the top and 
bottom blowing oxygen converters. Final refinement is done in the VOD 
vessels. Advantage is taken of the high speed decarburisation 
suppressing chromium oxidation through the top and bottom dilution 
blowing Ci.e.O + ArD and slag reduction by using bath agitation. 
Ferro-alloys and scrap charges are preheated before hand to around 300 
C in lO min. by using the bottom blowing tuyeres as oxy f uel burners. 
In comparison to AOD process, decarburisation rate in the new process 
is reported to be 3 times or more at high and medium carbon contents. 
The flow rates of gases used for top and bottom blowing are summarized 
in Table 8.4. The treatment time in the VOD units have been reduced 



for 150 nrii ri . t-o 70 min. by resorting to better refining in the new 
process. Integrated chromium yield improved for Q1 . eX to 95 . 6 % with 
overall lowering of cost by 13% , 


9 . 3 SOLVED EXAMPLES 

Example 8.1 * Steel bath at 1600^0 contains 0.4 pet. carbon 

which is being decarburised at the rate of 0.25 pet. /hour. Initial 
nitrogen and hydrogen contents are reported to be 60 ppm and lO ppm 
respectively. If the nitrogen and hydrogen pick up from the atmosphere 
are ignored during carbon boil, find composition of bath after 1 hour 
of refining. Ignore any changes in the temperature of the bath. 

Sol ut i on 

Initial carbon C. = 0. 4 % 

Change in carbon = AC*” = 0.25% 

Final carbon in metal C, = O. 4 - 0. 25 = 0.15% . 

f 

Using interaction parameters in Table 8.1 and ignoring the effect of 
dissolved oxygen as an approximation 


log 

f = . 000 

H 

or 

f 

H 

= 

1.02 

log 

f = -0. 0675 

0 

or 

f 

0 

= 

. 856 

log 

f = .0213 

o 

or 

f 

a 

= 

1 . 05 

Solving equationCS. 14D , Cp^ 

2 

<< p 

CO 

Ph 

2 

<< 

p and p =1 at.m. 2> 

^0 CO 



N, » 0 . 006% 

i 

1 

Using equationCS. 6 !> K ^ - “403 


Putting values 

N = . 0021 % 

f 

SimilarlyH, » • 001 % 


or 21 ppm 

or K = 163745' 

H 



From oquaiion C8-16::) and C8-173 


= O.OOOlSJi or 1.2 ppm. 


K CC ] f T~ 
t o c 


= o. Olivy. . 


Bat-h composition after 1 hour 
[N3 =21 ppm 
[H3 =1.2 ppm 


[C] = 0.15>i [03 = 0.0147^4 


Examr^pl® 8.2 » Steel bath at 1650 C contains .05 pet. C. 40 

ppm nitrogen and 8 ppm hydrogen to start with under the atmosphere of 
CO gas at 1 atm ^pressure. Argon is than purged through the bath at the 
rate of 0.01 Nm /hr /ton. Determi ne the bath composition in the bath as 
a function of time. Ignore any changes in temperature of bath and take 
activity coefficients of hydrogen, nitrogen, carbon and oxygen at 
unity for simplicity. 

Solution 


1023 K 


C = O. 05 


Using equation 8-16, 


K = Cl 44970:) 

H 

= O. 041 4>4 . 


K = C 4S7D 

N 


O. 004 


H = 0. 0008 


General rate equations Cl ton steel basis!): 


lO d[03 
16 dt 


|< TV>ol*»Xmiri 


10 d[H3 
2“ dt 




28 dt 


0 . 01 

22. 4 


- 4 - 



I Cl [03 


Oxyge^n i s 


or 


or 


Si mi 1 ar 1 y ► 


Also 

10 d[03 


ao 


n 

oo 


n 


= K 


CO 


H 


n 


u 

a 


n 


[H] *-/K 


H 


M 


n 


H 


n 


= CM3 Vk 


N 


lost by its reaction with carbon, 

12 


I Cl 


C. - CO . - C03 3 

t t 16 

0. OIQ -f O. 75 C03 


n 


CO 


n 


CO 


H 


CH3 


~ to. 010 0.75 C 03 3 [03 K 

a N 


a dC03 
16 dCH3 


dC03 _ j. ^ d[H3 

toj t 5: 010 4. or'75C"03‘ CO H ^ 


0. 75 


ToTO C03 0.010 +• 0.75CO:> 


[H3 


•3 d[03 = 0.026 


d[H3 

CH3' 


O 

1 ^ X J: 

in ^ 


= -5. 074 X lO C 


H 


H 


H. 


S83 - 1070.6 In 


CO] 

CCD 


for nitrogen 
dCO] 


= k 


C03 CO. 010 + O. 75CO] co 

1 

N * — ~7~ror 

232 . 7 “ 02 .7 ^ ] 


16 

28 


dN 


o 01 10 dCO] lo dCN] _ lO dmi 

k CO] 0.010 + CO]] tgg-j “ 16 dt 28 dt- 2 dt 

'<20 cici. ^ 



Sol vl ng 
10 


[ 


]• 


16 0.010 
10 


tin 


CO] 

CC] 


in ^ ] 

V 


, , O. 01 ^ lO 

k t — — - t + [ O 

CO 22 .4 16 i. 


[ N 


CN3 ] + BCH . - CH] ] 


or 


- 28.2 - 152 In 1400 tO - [ O] ] + 800 CN CN] 

i G J V I 


+ 11 200 [ H 


CH] ] 


Rosultss of computations 
CO] 


% 

O. 0414 
0. 03 
O. 02 
O. 01 


CC] 

CH] 

CN] 

t 

t 

% 

X 

X 

min 

mi n 

0. 05 

0. 0008 

0. 004 

0 

0 

0. 0415 

0. 00066 

0. 0038 

38. 0 

21 . ; 

0. 034 

0. 00052 

0. 0035 

85. 6 

52. 

0. 0265 

0. 00036 

0. 0031 

169. 6 

120 


P > p > 

2 

Pk 

2 




By assumi ng p 


CO] ] 
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Tabl* 0-1 Interaction parameters of Interest 




Log f , = J] 

e^ [wt >4 J] 


e;* 

i 

J 



i 



c 

H 

N 

o 

c 

0. 14 

0. 06 

0. 13 

- O. 45 

Cr 

- 0.034 

- o.ooaa 

- 0. 047 

1 

O 

o 

H 

0. 67 

- 

- 

-3.1 

Mn 

- 0.01 a 

- 0 . 001 4 

-0. 02 

- o . oai 

N 

0.11 

- 

- 

O. 057 

Ni 

0. 01 a 

- 

0. 01 

o. 006 

O 

- 0.34 

- 0.19 

0. 05 

- O. 20 

P 

O. 051 

0. 011 

0. 045 

O. 062 

S 

0. 046 

0.008 

0. 007 

- 0.133 

Si 

0. 0© 

0. 027 

0. 047 

- O. 131 


Tabl» 


8. Z 


logi Argon Docarburization 


Ti - Mi n . 


Tomp "^C 


O /ACN 5 
2 2 


Gsls Flow Nm* /hr 

O A or N 
2 2 


0 Charg® liquid mo'tal. Cslag 1564 

fr©©5 Weight 150 metric 
tons 1.62 C, .54 Mn, 18 Si, 

.028 S, 17.00 Cr, 6.80 Ni . 

Add 2200 kg Dolomite lime 

4 Begin stage 1 blow 3 5100 1700CN D 

Adjust chemistry ® 

2320 kg H. C. FeCr ,1640 kg FeMn, 

2480 kg Ni briquettes 

24 Complete stage 1 blow 

26 Begin stage 2 blow 1686 1 3400 3400CN^> 

44 Complete stage 2 blow,C .50 

48 Begin stage 3 blow 1700 5100CA3 

63 Complete stage 3 blow 1708 

70 Add reduct ant mix and stir 

3820 kg FeCrSi 1830 kg lime 2500CA:3 

106 kg spar 

Sample: .032 C, 1.25 Mn, . 35 Si 
.03 N, .015 S, 18.25 Cr , 8.39 Ni 

78 SI ag off 

Make final additions 
458 kg, FeSi . 32 kg graphite 

1 04 Tap 

Ladl e t emper at ur e 


1600 

1540 



Tabl^ 


8, 3 


I>esigri and performance Indices of dec arborising 
using for treating high chromium melts 


Vol ume 

Initial C content 

Starting temperature 
Max. oxidizing rate dc/dt 

Oxygen flow rate 

Argon flow rate 

Slag basicity 
and for secondary slag 
Sulphur distribution 
and for secondary slag 
Treatment temperatures 
Treatment time from fill 
to end of tapping 
Oxygen consumption 

Oxygen efficiency CC05 

Gas consumption 
- argon and nitrogen 

Reduction silicon 


m /ton 

VOD 

0. 22 

CX) 

max. 1 . 

^ o ^ 

usually < 1 

c c:> 

about 1 600 

C %C/mi nD 

0. 006-0. 03 

C m^/t mi nD 

0. 2-0. 70 


Cm^/t mirO 

. 0005- 

n 

. 0010 

%CaO/%SiO D 

1. 2-2.0 

2 

%SD X[ tiSI 

about 1 00 


1 600/1 700 

CminD 

about 1 40 

CmVt3 

about 15-20 

ri 

€%> 

20 - 60 

C m**/t!> 

n 

about 0. 8 


Pr ocoss 


AOD 

voEx: 


O. 4 - O. 7 

O. 6 


1.5 - 3. 0 

1.5 - 

3. O 

about 1 520 

1520 


o 

o 

! 

O. OS 


or 0 . 08 

0. 3-0. 70 

1 . 2 


or l-a”* 

. 15-. 5 

. 01 


1 . a-1 . 5 

1 .2-1 . 

. 5 

2 

2 


about 1 OO 

about 

lOO 

200 

200 


1550/1700 

1 600/1 700 

about 90 

about 

90 

about 30 

about 

30 

30 - 90 

50 - 

80 

15 - 25 

1 . o 


0 

1 

CO 

about 

lO 

70 - 100 

40 - 

50 

98 

98 



Li mo 

Chromium output 


Ckg/tD 

Ckg/tD 

c>o 


about 5-8 

20 - 35 
98 


With lancing 



Table 8.4 Blow patterns for ferrl + H^ i , 

Yawata wor ks of Nippon S* c steel making at 

converter PPon Steel Corporation in 150 ton 

Charge "to Conv^ri^r 


Hot Metal CS = 0.0022 X, P = o 015 V r - r o . 
High Carbon Ferro Chromium " ^ 

Medium Carbon Ferro Chromium 
Stainless Steel Scrap 
Other Scrap 


40. o 
30. O % 
14.0 y, 
08. O % 
08. O 


Blow Pattern 

SI. No. Time of blow 


C at end 
of bl ow 


Blow of gases C Nm^/mi n.-^ton5 
Top blow Bottom blow 

Ar O Ar- 


1. 

preheating of 
scrap 10 min 

— 

1 . 0 

O. 33 

C ai rD 

O. 16 

O. 106 
CN U 

2. 

First blov/i, 







1 7 mi n 

0. 74 

3. 17 

- 

O. 17 


3. 

Second blow, 

4 mi n 

0. 25 

1 . 75 

O. 87 

0. 113 

O. 057 

4. 

Argon blow, 

5 mi n 

0. 25 

- 

- 

- 

O. 17 

Final 

Anal ys^c 







T 


C 

Cr 


Si 

Befor 

e VOD 1 680 


0. 25 

16. 2 


O. lO 

After 

VOD 1 600 


0. 02 

16. 2 


O. lO 













Fig. 8. 3i SciaufolXity of nitrogen 

In liquid iron alloys at 

i600^'*C CZmZ F> and 1 

atmosphoro of N^CgD 



Fig. 8. 4t Solubility of hydrogen 
in liquid iron alloys at 
ISOO^^C C2S12‘^F3 and 1 
atmosphere of H^Cg!) 



Vocuum- treatment of molten steel 



(vacuum after-treatment) 

1 



Pouring-stream treatment! 


Batch-treotment I 

1 1 V ' 

I ^ — 


a m ^ 

J.i-J ],Kr 


isfM 


Continuous Vacuum Oegassing 

dftgowmg 

m iQdt« costing topping 



Vacuum- Vacuum - 
circulation tiff 
process process 



Stotic 

lodie- 

degossing 


Vocuum VOD VODC Archeating Induction- stirring Channel-type 
lodle Vacuum- refining in vocuum undervacuumj induction 

process heating in air furnace 


Fi q. 8. H 


Sur vey of the most common vacuum- treatment 


us»#d 


th: Todu^tion of stool and castings 


Hydrc^en, cm^ |STP)/I00gm of alloy 
























Rotate 
to pi 



Fig. 8.12 1 


Vacuum decar burl zing vessel 





IIjI vacuum Addition of 

priscision fiKjuction- f^eduction and Additions orvd Finol 



Ghangos in temperature and chemical 

during treatment of a high - 

the VOD process and C bl the VODC p 


Fig, 8. 13 * 



CHAPTER O 


THERMODYNAMICS AND KINETICS OF DESULPHURIZATION REACTION 

A. GHOSH 

Ac in Chftpt*.r 1. synthetic slag treatment and powder 

injection processes of molten steel in ladle were started in late 60 s 
and early 70 s with the objective of lowering sulphur content of steel 
to a low level demanded by many applications. This led to the 
development of what is known as Injection Metallurgy CIKD. Low sulphur 
steel can be obtained by treatment of the melt in ladle by 
desulphurizing agents either by injection into melt as powder along 
with a carrier gas CAr or N , or by simple addition. Additions can 
he made under a synthetic oiag cover .Vacuum degassers may additionally 
be employed. However some inert gas stirring is always required. 

Various cal ci um~bearing agents are employed such as calcium 
silicide* synethetic premelted slags of either CaO — A1 O — SiO or 
CaO— A1 ^ O or CaO—Alj^C^ “Cal^ type ►calcium— barium alloys. Occasionally 
rare earth metals are also added for inclusion modification. 

This chapter is concerned with thermodynamic and kinetic 
of d#sulphuri ssaiion reactions in secondary steel making. Injection 
metallurgy will be dealt with in chapter 10. 

9.1" THERMODYNAMIC ASPECTS 


0.1.1 Therwiodyriaiiilcs of Sulphur in Liquid Steel 


At steel making temperatures sulphur is a stable gas» the most 
predominant molecule being S^ . The dissolution of sulphur in 
molten steel may be represented by the equation 


1/2 S Cg3 = S 

a 

For the abov® roaction, 


...9.1 


K 


Ch 3 




I .quilibrCum 

where K is equilibrium constant 


partial pressure of sulphur in 
activity of dissolved sulphur in 
standard state. 


. . . O. 2 


for reaction CQ.ID, p denotes 

2 

the gas phase i n bar ► and h^ is 
steel with reference to 1 wc. pet. 


Again, log K = - 1.152 Cref.l5 ...0.3 

The interaction coefficients describing influence of some common 
solutes CJD in liquid steel on activity coefficient of 
sulphur dissolved in liquid steel Ci.e. e^-b are noted below at 

1600^0 ca:> 



j = A1 C 

*■’ = 0.035 0.11 

e 

TWo ®ol ofc*i 1 1 Siul j^hiup 1 ntol l/^n S1.&&1 i s 

0.1.2 Thormodynamics of Reaction of Sulphur 


Mn S 

-0.026 -0.028 


Si Ti 

-O. 063 -O. 072 

also very high. 


Ca and Ba form CaS and BaS respectively upon reaction with 
sulphur, whereas cerium forms several sulphides C3D out of which CeS 
is the stablest one at steelmaking conditions. Ce also forms an 
oxysulphide, Ce O^S. All these compounds are solids at steelmaking 
temper atures . Xt may be noted from thermodynamic data on these 
compounds from any standard text C4,5D that all these elements 
form very stable sulphides as well as oxides Csee 
Therefore they are both strong deoxidizers as 

desulphur izers and would form both oxides and sulphides. 


also ch. 
wel 1 


2:? . 
as 


Again these compounds would not necessarily be present in pure 
form. For example, addition of Ca-Si leads to formation of CaO-SiO 
type deoxidation product as discussed earlier in eh. 7, sec. 7.3? 
However we do not propose to get involved into these complexities 
and consider the overall reaction as 


S + CMOy = O + CMSO ... 9. 4 

For the limiting case of unit activities of MO and MS Ci.e. assuming 
pure MO and Pure MS!), the equilibrium constant CK Z> for reaction 
CO. 45 is 

[hi [w 3 

K = ^ ~ ...05 

MS Ch 3 Cw 3 

0 e 

The values of K for different systems can be calculated from 
free— energy of reaction. Fig. O. 1 , resproduced from Turkdogan C65 
shows the pattern. Ba is the strongest desulphurizer and Mg the 
weakest with Ca and Ce lying in between. 


Studies carried out at MEFOS, Sweden C75 on Ca-Si injection in 
argon-purged ladles showed that presence of a proper slag at the top 
of the melt is important to prevent resulphurization during 
processing. It has also been stated that the slag-metal equilibrium 
with respect to sulphur is closely attained. An empirical equation for 
sulphur distribution between slag and metal has been suggested as 
CW 5 118. 4 B - 205 

• _ ... 9. 6 


CW 3 


CW 


r«ro 


where B » Basicity index of slag = 


W + 1. 4 W 

CaO MgO 

w 

Bio 


9. 7 


and W is weight percent. 



Holappa C8D has reviewed 
removal in ladle treatment by si 
not pure, then it is better to 
desulphurization reaction, viz. 


the theoretical basis tor sulphur 
ag-metal reaction. If MO and MS are 
utilize the general ionic form of 


csi + = cs®":) + CO] 

C a ® C h ] 

K = — ? ?L. 

® [h 3 Ca 

fit o 

a- ^ f 

CK D Ca = — - _2_ 

e o [h 3 

fit 


. . . O. G 


... 0.0 


If w# substitute 
w© may us© a modified 


^ '*^-Pct. sulphur in slag i 

value of K Clet it be KO. Tlien 

fit fit 


&. 


C W 3 > than 


wher# 

fit 


K* 


fit 

1 s 


Ca®":? 

O 


cw 

e 


Ch 

o 


ThT 


a 

known as modified 


a 

sulphur 


capacity. 


... 0.10 


Sulphur capacity of slag CC%'>, i.e. the ability of a slag to 
absorb sulphur was defined originally by Richardson C05 as : 


C = CW Cp / p 3*'^® ...0.11 

fit 0 O 0 

where CW 3> is wt.pct. sulphur in the slag in equilibrium with a gas 

having partial pressures of oxygen and sulphur as p and p . Values 

o s 

2 2 

of for various slags are available in slag Atlas CIOD. 

Its usefulness stems from the fact that C, is a property of slag, 
and at a fixed temperature it is determined solely by slag 
composition. Higher is the value of C , better is desulphurizing 
ability of the slag. Fig. 0.2 shows C^^^values for some typical slag 
systems of interest in secondary steel making. Superiority of CaO— CaF^ 
slag is obvious. 

C is determined by equilibrating the slag with a gas mixture 

having known oxygen and sulphur potential. However it is the 

slag-metal equilibrium which is of interest. This requires use of 

modified C Cviz. as defined in Eq. C0.103. 

a ' « 

The relationship between and is 


log * log 

At leoo^^c. C' * 7. 6 C . 

m " ' m 


036 


- 1.376 


. . . O. 12 



Another parameter that is of interest is 
partition ratio between slag and metal CL D, where 

Fr om Eq . C 0 . 1 0I5 if [h ] is tak en as [ W ] ^ 

** 8 ’ 


equilibrium sulphur 

L = CW D/C W ] . 
s s s 


CW^D C* 

~ TvTT " ThT ] ... O. 13 

<ai o 

h in liquid steel is typically determined by presence of deoxidizer 
especially dissolved aluminium. One may relate to FeO-content of 

slag as well. However it has been found more appropriate to relate it 
to the former. Fig. 9. 3 shows L ^as function of CaO content of slag and 
aluminium content of metal for CaO-Al O slag CllD. Therefore, for 
good desulphurization generally A1 consent of more than O. 020?i is 
recommended C8D. 


0. 1. 3 


A Note On Temperature and Composition Dependence of C and L 


Th^ ih«prmodynamic ralaiionship 
as follows, 

From Eqjs, CQ, ISD and C0*13D^ 

log L = log C -- log h 
& a o 

Again, from Table 7.1 Cch.7D, 

log K = log Ch„3® Ch 


h&t wean L 
a 


= 1 og 


58473 

T 


and W 

Al 


may bo dor i vod 


936 

T 


1.375 - log h 

o 

... 9. 14 


+ 17. 74 ... O. 15 


•» 1U ^ r 58473 

or > 1 og h - C — =; 17. 74 - 3 log W 3 ... 0. 16 

O Or 1 AI. 

if it i« asscumod "that h , = W 

Al Al 

Combi nl ng Eqs . CO, 1 4D and C 9. 1 6D » 

P 1 8555 

log * log + | log - 4. 538 . . . S. 17 

An important issue is variation of L ^with temperature at a fixed 
slag composition. In addition to Eq.C0.17D we should also know how 
varies with temperature. A simplified approach to this issue is to 
recognize that it is CaO in slag which is the predominant 
desulphurizer . For the reaction, 

CaOCsD + S * CaSCsD + O ...0.18 

log K a - + 1.101 Cref.iaD ...0.10 

This does not match with that reported by Zhang and Toguri Clp. 
However Eq.C0.l9D is being accepted since it is consistent with 
Fig. 0. 1 . 



Agai r> , K 


. . . o. ao 


C<xS 


Ca D [h ] 

COUB O 

Ca i Ch ] 

ci«.o m 


Procaading eimilarly as in darivation of Eq.CO.lO!) wa may writa 

th ] 

- = C" ... Q. 21 


m K Ca !) 

CSojO ■CS.o-O 


cw 

8 


Ch 3 
8 


whore m is a const.An*t of proportionality. 


Combining Eqs.CO.lSD* CO. 19!) and CO.aiD, 

log = log m + log - 0.184 ...0.22 

In the limited temperature range of secondary steel making it 
seems good enough to assume a to be independent of temperature at a 
fixed slag composition. Therefore, if is known at one temperature 
from a diagram* such as Fig.Q.S^ it can be estimated at any other 
temperature. Further refinement on this can be made by invoking 
regular solution assumption for a 

For application of thermodynamics to predict slag -metal sulphur 
distribution under equilibrium^ use of diagrams as in Fig. 0.2 is 
somewhat inconvenient . 'Therefore attempts are being made to 
analytically represent and L^as function of slag composition. Tsao 
et al C14> carried out equilibrium measurements. With the help of 
their own data as well as those of others they have proposed the 
following correlation by data fitting through statistical regression 
anal ysis. 


log 


3. 44 CX 


Ca.O 


4* 0.1 X 


M^O 


O. 8 X 


Al O 

2 a 


X > - 

8iO 

2 


Q8Q4 


+ 2. 05 


9. 23 


This may be useful for prediction purposes within a factor of 2 
to 3. Also it is not applicable to CaF -bearing slags. Gaye et al C15D 
employed the following correlation arrived at by EXiffy et al CIGD on 

the basis of Optical Basicity Index. 


1 og C ' 
s 

where B = 5. 62 W 


= ByD + 2.82 - 


13300 


. O. 24 


0«tO 


4. IS V? ^ 

MgO 


- 1.15 W . 

SkO 


+ 1 . 46W, 


At O 

2 2 


and D 


W 


CoO 


+ 1.30 W 


+ 1.87 W 


M 90 


SlO 


2 a 


The conclusion drawn by them is that the domains of liquid slag 
compositions leading to high L are rather limited, and the efficiency 
of sulphur removal treatment w?ll rely on the abi i ^ 

domains. The aimed compositions should be close to CaO satura 1 . 



'j^^y fill SO r ‘trfhi&.'L |, in usiriQ Ecj Q 24, 

should b^r subtrActi^d in ©l^g analyeis. 


calcium pr osent 


as CaF 

2 


q* 1,4 Solved 


Example Q. 1 1 ^Fig.Q.a presents 

for come cl age at 1600^C. Compare these 

Eqs.C0-335 and C0. 24!) mole at fraction of 

CaO + A1 O cyctemc. 
a a 


values of sulphur capacity 
with predictions based on 

CaO of 0.6 for CaO + SiO , 

2 


Solution t Val uos 

not ad bolow” As for calculation 
casae. X =0.4 for CaO “ SiO 


read off from 
from Eq.C0.a35, 

Blag, and X = 0.4 for 

* Al o 

2 B 


slag. 


Fig. S. a are 

0.6 in all 

CaO - Al O 
2 a 


In CaO - SiO^ at 0.6 mole fraction CaO 


W 

c«o 


100 


0.6 X 56 

^ O'." 6x^6 "+ O. 4x 60 


^ - 68.3 =41.7 

eto 

a 

In CaO - Al O at O', 6 mol# fraction CaOB 

M H 


52. 3 


W 

OokO 


100 X 


0.6 X 56 

STgxgg + O. 4x1 08 


or W , = 100 - 46 = 65 

Al O 
2 2 


45 


Substituting these values in Eq.C0.24D allows calculation of C 

by noting that C = C" / 7, 5. ® 

e tt 






Val ues 

of 

C 

• 





Fig. 

0 . a 

Eq. 

C9, 

. 23D 

Eq. 

C0. 343 

CaO - 

SiO 

s 

6.0 

X 10 * 

2. 85 

X 

O 

1 

m 

7 . 80 

o 

1 

CaO ~ 

Al O 
a B 

2. 7 

X 10“® 

5. 38 

X 

10"^ 

CD 

CD 

■aH 

X lO ^ 


Hence Fig.O, a and Eq.C0.233 are giving differing values. But 
Eq. 00.34;) is matching reasonably with Fig. 9. 2. 

Exanfile O. S i At ISOO'^C and for CaO - Al^ slag of mole 

fraction of CaO equals to O. 6» 

CaD Calculate desulphurization efficiency of slag Ci.e. CW^]/ 

C W 3 ration . 

e 



Cb3 Compare the above with that of pure CaO 
Cci) Calculate the value of L if i 

wt.pct. Al. Ar,d compare „ieh fL sT 0.01 

CdD Calculate wt. pet. sulphur in metal 

Assume wt.pct. of sulphur in slaq to be a 
other solute elements. ® ^ ^^nore interactions of 

From Eq.C9.13:), and taking h = W in metal 
' * O o 


phase 


Ch 1 
o 

CW 3 

jS 


CW ] 
o 

CW 3 

IS 


cw :) 

s 


. Ex. Q. 1 


No.w, CW 5 - i, And 

iS )£• 


2. 7 X 10“® CFlg.9.£>. 


From Eq.Ce. 12> at 1600®C, C*^ = 7. 5 C 

Si i 


Putting in values ► 

CW 3 
o 

HTT “ 

s 


a. 03 X 10’ 


CbD From Fig. 0 . 1 , for CaO - CaS system at 1600®C, 

= 2. 5 X lO”* 

Therefore the slag with 1 pet. sulphur is as powerful a 
desulphur izer as pure CaO. 

Ce5 Putting in values, i . e. C = £. 7 x 10~^, 

s 

= 0.01» and T = 1873 K in Eq.CO. 17D, 
log L = 1.467, i . e. L = 29.2 

Fig, 9. 3 gives L approximately equal to 20 for 45 wt.pct. CaO and 
at 1650®C. ® 

For comparison, L is to be estimated at ie50°C Cl 923 K5 with the help 
of Eq.CQ. 173. But®before that C is to be estimated at 1650 ^C using 
Eq.CO. 223. ® 


From Eq. C9. 223 , 


1 ogC C 


3 


& ioaax 


logCC 3 


logCCg3 


lfl79K 


= - 420SC 


1 923 


= 0.0585 
logC2. 7 X 10"®3 + 0.0585 


— — 3 
1873 

. . . Ex. 9. 2 


- 2.510 



Putiing in values in Eq.C9.17D, 


1 ogC L D 

S i029K 


2.510 + g log 0-01 + 


18555 
1923 

= 1.2745 


- 4. 538 


i . e. 


L at 1923K C1650°O = 18.8 

s* * w. w 


This matches closely with the value in Fia 9 3 

CW D 

s» 

~ ~ 20.2 Cfrom part cl) 


Since ~ §572 ~ 0.034 pet. 

This is not good. Hence operating conditions are to be altered C higher 
CaO in slag or higher A1 in metal or lower temperature or combinations 
there of D . This type of conclusion was arrived by Gaye et al C15D as 
mentioned before. 


9.2 KINETIC ASPECTS 


General aspects of kinetics and mass transfer have been briefly 
reviewed in chapter 4. A useful approach that has found application in 
dealing with rates of industrial processes is to treat the rate 
equation as that of first order, irreversible reaction. Coming 
specifically to transfer of a solute from liquid metal to slag, the 
rate of transfer Cr, ]) is given as : 

r . = k A C , ... 9. 25 

t i 

where k is rate constant, A is slag-metal interface area, and C is 
instantaneous concentration of solute i per unit volume of liquid 
metal . 


Again, from material balance, 
dC. 

r. = - V 
». m at 

where V is volume of liquid metal and t is time. 

Wi 


. . . 9. 26 


Combining Eqs.C9. 251) and C9.26D and integrating, 

CC. J/CC*] ® exp C- t:> = exp C- ka^t3 . . . S. 27 

Kfl A 

where C.*^ is initial concentration and a = -^ is specific interface 

area of metal phase. Sometimes it is more appropriate to replace C by 
CC - in Eq.C9. 255 Ci.e. assuming rate equation to be first or^er, 

reversibleD. Cf, is concentration of solute i in liquid metal at 
equilibrium with slag. 

With the above modification, Eq.C9.275 is to be rewritten as : 



exp C- ka 


- . . e. as 


IC - C 3xcct - C ] = 

At low concentrations, W. oc C 
be rewritten for sulphur as *■ ' 


With this in mind, Eq.CO.a7D may 


[W^ 3 /[W ^2 = C-ka^O 

and Eq. CO. 37:5 as 

CW - W;]/CW^ - W*] = exp C- ka,0 

m m m lit S 


. . . o. ao 


. . . e. 30 


It b* "Otsd th»t Eq.C0.a03 gives »„ Id.e of extent of sulphur 

removal from liquid steel whereas Eq.C9.305 gives an idea of approach 
of the system towards equilibrium with slag. According to Gaye et al 
C155 , equation of the type of 0.39 is more appropriate for sulphur 

r«^action. ^ 


A is not geometrical surface area, but is usually much larger 
than that due to slag-metal emulsification, surface waves etc. This 
causes uncertainty in ascertaining value of A also. Therefore 
experimental data typically yield values of either kA or ka 
parameter. Obviously larger is ka , faster is refining. At high® 
temperature k mostly means mass transfer coefficient Ck^5 since mass 
transfer is usually slower as compared to rates of interfacial 
reaction C153>. 

In slag -metal sulphur reaction in secondary steel making, there is 
always stirring by injected bubbles of argon. Mass transfer across gas 
stirred slag -metal interface has been a subject of investigation of 
last 30 years in connection with various steelmaking processes. 
Several cold model, hot model and theoretical studies have been made 
in connection with ladle metallurgy as well. Kim et al Cl 75 have 
reviewed it. Broadly speaking, kA is proportional to Q , where Q is 
volumetric flow rate of gas and n is the exponent. One may write it 
also as i , where i is the rate of energy dissipation Csee chs. 3 and 
55. 


Both desulphurization in plant scale ladle as well as water model 
studies show that the exponent n exhibits abrupt changes depending 
upon value of Q. This is demonstrated by Fig. 9. 4, which shows 3 
regimes. In the 1st regime Cat lowest 05, the oil layer simulating 
slag was found to be calm. Regime II C middle one5 was found to start 
when the oil layer near the edge of the plume eye continuously formed 
ligaments and disintegrated into droplets. In regime III, the entire 
oil layer was in droplet form dispersed in water. Authors also 
formulated dl mensionless numbers and established criteria for change 
over from one regime to another. 

Gaye et al Cl 65 have advocated use of the following mass transfer 
correlation for slag-metal sulphur reaction in ladle metallurgy. 



ty'Z 


. . . O. 31 


k = C CD , 

m © 


wh©r© "th© cor*»©*t ©n't G hae b©©n ©va.lu&*Lod as BOO rrom plant, dat,a 

Eq.C0.3i:> Is in accordance with Danckwerts' surface renewal theory of 
mass transfer. However it is not known whether the exponent 1/2 is 
obeyed onl y in a 1 i mi ted r ange of Q or not . D i s di f f usi on 
coefficient of sulphur in liquid steel. ® 

Several studies have been carried out on reaction and reactor 
kinetics in connection with injection metallurgy. Since it is the 
subject matter of chapter 10, not much discussion is intended except 
to note a few points briefly. 

Ci:> When CaO powder is injected into the melt, it tends to form 
an impervious layer of CaS on it and further reaction is 
slowed down. Therefore injection of synthetic slag powder is 
preferable since it melts when it comes into contact with 
liquid steel. 

Cii:* Calcium silicide CCa-Siil is employed to add calcium metal 
into the melt. Metallic Ca boils at 1401^C under 1 bar 
pressure. Its vapour pressure as function of temperature is 
gi ven as Cl 8:> . 

log p*^ Cin bar:) ~ 4.55 ~ S. 03 x 10*/T ...9.32 

Value of p*^ at 1600*^C turns out to be 1.83 bar. This is quite high and 

* CS <3li 

ic likoXy “to l©©d to inetAnt^ violent vapour formation- 

M©llb©rg ©t al Cl 03 hav© discussed it. If Ca is alloyed with Si » 

then 


p 5= X a ... 0. 33 

Cofc <3<5>. Co. 

where a is activity of calcium in Ca-Si . Fig. 0.5 presents ^Ga 

activity^as function of mole fraction of Ca in Ca-Si alloys at 1600 C. 
It may be noted that thermodynamic value p^ over the alloy as per 
Eq. C0.33:) is lower by a factor of few thus "bringing it much below 
atmospheric pressure. This allows time for calcium to dissolve in 
liquid steel and participate in reaction to a significant extent. 

However solubility of calcium in liquid iron is very low CO. 025 ± 
0.008 wt.pct. according to ref.lOD. Therefore silicon is expected to 
dissolve into the melt much faster than calcium. So, shortly after 
injection. the liquid Ca-Si alloy would get depleted in silicon 
Consequently its vapour pressure goes up leading to instant 
vaporization of residual calcium. This is the explanation of some loss 
of calcium. 
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CHAPTER lo 


10.1 INTRODUCTION 


INJECTION metallurgy 

s. C. KORIA 


Tho growing demand for steels 


with improved mechanical proper-tie 
for various appl i cati orts has placed a major task before steelmakers i 
search new ways and means to produce steels with extra low level c 
basic impurities Ci.e. carbon, sulphur, phosphorous, oxygen, hydroge 
and nitrogen.) and with low amount of inclusions Coxide, sulphide etc. 
consistently and economically in existing steelmaking reactors. 3 
this corjtext; , irijection metallurgy, including powder injection and g^ 
injection anrl the various supporting technologies such as systems t 
cut off slag flow irsto teeming vessels, suck top slag off out of 1 adl 
and system to compensate heat loss of the melt in the ladle has four 
growing acc e|.>tar)Ce since it calls for less expensive investment, hanc 
operation ar»d quicker processing at reasonable reaction efficiency ft 
a wider span of heat size. The application of these techniques ei th< 
singly or in combination in the metallurgical reactors has mac 
possible to achieve any level of basic impurities insteel. It j 
claimed that a total basic impurity level of less than 70 ppm can 1 
achieved with the following specification of each element : 


CSSO, 0:510, H:5 0.7, N<15, S<5 and p < 15 ppm 


Applicatiorr of injection has so far been to 3 sectors < 
refining, i . e. , hot metal pretreatment, converter- blowing of hot me-tj 
and ladle processing of resulting steel. The application has been doi 
with powder injection and/or gas injection in combination with some < 
the supporting technologies for better control of refining towari 
extra low impurity concentrations. 

Fig. 10.1 illustrates the process routes for some grades of ste. 
utilizing the different injection metallurgy techniques. In t,3 
Fig. 10. 2 the various techniques of injection metallurgy aj 
illustrated. 

In this chapter main emphasis has been given to the gas injectii 
and gas/solid powder injection. Other supporting technologies for L 
growth of injection metallurgy are briefly touched upon. 

10.2 GAS INJECTION | 


10,2.1 Purpose 

Inert gases like nitrogen and argon are injected into steel me 

in order to generate the flow field in the bath which is conducive 

CaJ for bath homogenization w. r.t. concentration ^ 



c h ^ 


c < > 

t d > 


Ccd) 


*<. onhiuK., of slag/metal reaction such 

uytit hcd It t*i ^c| tr 

J... terro.val of r.orj-metal lie inclusions 
t<. th« rates of dissolution of 

f et r o alloyw additives with improved alloy 
«. tion control within narrow limits 

for hydrogen and nitrogen removal. 


as deS for 


met-al and 
yi el d and 


10.2.2 C>afe. Injector'S and Locatiorrs 

F’ig.lO i ‘ SrhuwR the various injectors used for gas injection 
puT' Ihei af e 1 i neat injectors where channels are either drilled 
into t>h** i t iff thi s jjipe set in the refractory. Note particularly 

the %i tti,\ I af t concept of the double tuyere on the left and the multiple 
hol€^ brifk ini iho right where two separated flow circuits have been 
imp! #rM#nt.ed 

1 her e ut e « ^^rirup'd hr icks on the porous bricks and the so called, 
permeable el where the gas flow section has been considerably 

inereas.e*d hy aaiKlwi t hi rig the refractory bricks. Recently spiral type 

of tuyeres ai e alfco advocated to be used C3D. 


The gai* irjj#«,tor are located either at the base of the vessel 
centrally or riort-"C#riir al 1 y or top of the vessel submerged in the bath 
or side c#f the vessel,. Porous plugs are normally placed at the bottom 
of the vessel, i^ir-aight type of tuyeres could be placed at top and 

bottom* 

It is imptntmit to note that the gas injectors of any type are 
submerged into the bath so that the gas jet enters directly into the 

bath. 


10^* 2# 3 Pherioiiieria of Gas Discharge Into Liquids 

Two different flow phenomena are observed in front of the tuyere 
when a 1^; dl%.charged into a liquid body : at low flow^ rates, the 

gas is disp#r'S#ni into discrete bubbles indicated by periodic ^ pressure 
oscillations in ih€^ supply pipe. The frequency of the pulses is within 
a range# of U to 2S per second, depending on the specific gas/liquid 
system. Wlmn the gas flow rate exceeds a character! stic limit, the gas 
leaving t.he urific# becomes a continuous flow. The gas bubbles are 
released from an <wlongat#d free space formed in frorit o e uyere. 
In this f luctuatioris are irregular an on y o sma 

ampUtud#. Accordingly, two different flow regimes are of concern : 
bubble flow at. low and Jetting flow at high discharge rates. 


Tho bubbllng-Jetting transition of gas Jets into liquid was 

.n.ly..d l.y th^ p, i.-nt luthor u.lng th. theory of the o^preserbl, 
fluid flow. For on« dimensional steady flow of gas the dynamic 
mass flow rate is given by C4“6D. 


of the 


m 

X 




eons t ant throughout the flow 


. lO. 1 



intense as car. be seen in Figs. 10.5 and 10.6, the stirring action is 
small near the bottom of the ladle and intense at the top surface of 
the melt. An asymmetrically placed bubble plume gives velocities near 
the bottom vhich might be of an order of magnitude greater than for a 

symmolr i cal 1 y placed plume. 

In an experi men'tal work “the liquid velocit^y induced by gas 
injection has been studied by the technique of dissolution CQ-i2‘3. The 
liquid velocity ratio i . e. velocity at bottom C D Xvel oci ty at the 
surface Co ^.,)was found to depend upon the location of the gas injecting 
lance i » e. top or bottom and whether they are placed synrimetr i cal or* 
asymmetr i cal to the bath C Q’-l Sj . 


The following results were obtained : For bottom injection 

U r 

<0.74,4 - O. S33> 1^’ ...10.4 

m 

For top injection 

U r 

^ = l«rxp <0.676 - 0. 8406>3‘' ...10.5 

U K 

r is the radial location of the nozzle and R is bath radius> 
i . e. r /R = O for central location of lance. Putting r XR = O in 
<>qs.0.2 and 0.5 wa gat CUxU^ *> = 0.305 and CU x'-u’^D = O. 2S7. 

It is explicit in tha aquations that off-cantre injection increases 

the U yU for top and bottom injection. 

h ^ 

A stirring pattern of the type in Fig.lO.BCal) may be useful for 
slag/metal reaction e. g. des by synthetic slag where higher velocity 
at the interface between slag and metal is required. Whereas a 
stirring pattern of the type in Figs. Q. 5b and Q. 5c may be useful to 
enhance the dissolution rates of the dense additives which settle at 
the bottom. 


Correct stirring is of the utmost importance. It should be known 
when to stir what and how vigor ously> for the adequate promotion of 
transfer rates > and when just to move the melt slowly for 

homogenei sat ion. 


Thar© ar© metallurgical reactions which require strong mixing of 
metal and slag Ce.g. . deS and dePD . whereas other require gentle 
mixing at the metal /slag interface and maintenance of an unbroken slag 
layer Ce.g. deoxidation and inclusion removal!) Ci3D Vigorous «^xing 
of metal and slag is achieved by gas stirring, less disturbance at the 
metal/slag interface can be obtained with RH.DH and induction 
stirring. The demand for gently stirring would be necessary when slag 
carryover can not be controlled : any turbulent ^^low in the 
neighborhood of the slag/metal phase boundary activates interfacial 
mas2 transfer, leading to the reduction of f """9 
elements, phosphroue reversions and oxygen and nitrogen pick up from 

thm aimospherr-i&. 



In ih© r©f©r©nc© C85 
ar © gi v©n 


th© following specific gas injection rates 


St i r- r- i r^g 
Li mo ©tool doS 
VAD doS 


< S N 1 min'’^t~^ 

N 1 min'^t"^ 

< S N 1 


10*2.5 Gas Induced Stirring Power 


The stirring power is expressed in terms of ’’Watts”. Cl Watt = 1 

joule/ & kg m /©'!>. 

The stirring power induced by gas* injection into the steel bath 
at the height H given by : P = Power through expansion at 
unaltered pressure Cp D CThis is due to the heating of the gas from T, 
to some tempter ature power through isothermal expansion Cpv!? 

CThis is due to the rise of the gas bubbles > and during their rise the 
ferrostatic pressure decrease which causes the bubbles to expand!). 

val uatl ng both the contribution one arrives at the following 

expression ; 

T P 

p = 3 71 Q T C C 1 =^1) 4. 1 n — 3 ...10.6 

u T o 

In the exp^ression Q, is in NmVsec. T^^ in k. and p = p + p 9 H. 
p K derisity of liquid^ H = height of ba4h and p * is atmospheric 

pressure, 2. 


For H = 3 m» p == 101.3 k p and T = T = 1S73K Ce.g.D, we get 
p = 411.7 0 T . By decreasing tfie pressure Ci . e. p !> above the melt 
surface a© is done in VAD or VOD treatment > the mixing power- 

increases. For p^ s= 70.0 kpo. ; p = 472.7 O T^ and tar p ^ 13.3 k pc*., 

p 1030. OS OT . A decrease in the atmospheric pressure to 0.13 p 

an increase in power is 2. B times that at atmospheric pressure. 

This calculation illustrates clearly the effectiveness of vacuum 
as a technique in the injection metallurgy. 

10*2^6 Recirculation Rate in Gas Stirred Ladles 

Tlie mass flux U Cin ton/sec:i of entrained steel passing through 
the top section of the bubble plume is given by the following 

semi -empi ri cal equation : 


W = 13. 3 C H 0. 93 tin 
With water model experiments 


Cl 


H 


1 . 48 


-3 3 


O. 5 


O. 3B1 


the relationship 


. . . lO. 7 



1 . 127 


O. 54!> 


M 


10.65 c:n 4 X [In Cl 


4 JL 
1 . 46 


0 ] 


O 


L 


In th«i. Eq.lO.8 0^, is in m^scc 
pressures p of tho nozzlo Cfxit,. 


... 10 . 8 

at. 'tampar at-ur-<r T and fho 


With H = 2.5 m, 0 600 NL rnin"* and = 1406.8 Cl min S one 

obtains U = 7.5 ton/sec and 6.6 ton/soc. The^ reel rcul ati on time of a 
1 B5 ton melt is then about d5s; for a 60 ton melt> it is about 50"-SOs » 
when the gas flow rate increases from ao to aoo NL min"^. 


10»3 GAS^SOLID POWDER INJECTION TECHNOLOGY OR INJECTION LADLE 

METALLURGY 


10* 3« 1 Overview 


In recerit years the pneumatic injection of powders into iron and 
steel has b€*comte a very successful way to accomplish deS> deSi > deP> 
modification of‘ oxide inclusions and provide sulphide shape control. 
The major’ advantages of powder injection are : 


1. the interfacial area of the injected particles in contact with 
the melt is much greater than a top slag and therefore reactions 

by injection are faster. 

2. the carrier gas generally keeps the ladles well mixed; precisely 

control 1 ed. ' 

3. the rate and total quantity of reagent can be precisely 

control 1 ed. 

4. a wide variety of powders can be injected so that 

CiJ sequential operations of refining or alloying can be 
accomplished during a heat or CiiD reagents can be substituted to 
take advantage of new reagents or changes in relative price of 

reagents. 

5. the atmosphere can be controlled^ for example^ to eliminate 

oxygen t which allows powerful desul phuri sers such as Mg > Ca and 

CaC to be used; and finally. 

a 

0, injection stations and the associated equipments are not 

excessively expensive. 

10.3.2 Concept of Permanent and Transitory Contact Modes 

For- reactions occuring between two immiscible phases, the two 
different models are Cl 43: 


Ci3 Permanent contact Cii3 Tr ansi tor ic contact. 

In the permanent mode of contact the slag phase i s per manentl y in 
contact with th. liquid phase during the entire period of treatment _ 
The efficiency of e>nraction of an Impurity by thre ^de would depend 
upon th. partition coefficient of the impurity, air^unt of elagxton of 

4 . 1 1 4 4 + * 1 / jarid comoosi Li on ^ inLor facial arapetj. Li.mo of 

, slag basicity and compose ^ 

^ , a.44 + 4 A Winetic ©xprossion can 0& obLained 

contact and the mixing condition. A kinetric e>cpr 



paramet-ers 


which i ri c <.r pi n 
C14:>: 


t.h€r effects of all the above 


merit i oned 


cw :> 

M p 


I X3 

o 

fx~ 


1 



. . . 10. Q 


where ^ CXI = 
YfM = #qui I i br i urn 
slag/‘ton of steel 
area^ i - time of 


.1 + T)** Y exD [- i— UL_^1 /"^-F-t 

■n** Y ■ 

^ initial concentration of the impurity in the metal, 
value^of the partition coefficient. Y = amount of 
► fS = mass transfer coefficient. F = interfacial 
coTttact> V is volume of melt. 


The maximum efficiency of the permanent contact 
obtai necJ Liy 10.9, For /?. F. t/v > ot i.e t = t 

iBfCjuillbrlum 


reactor is 
we get . 


CW'''3 - 1 Y 

P 

M' 

Whmt Yf Y i« very large i.e. 
larg#^ 

C W 3 s exp t b.— — -3 

up V 

In t r ansi tor' ic mode of contact » 
the rising of the mixture no longer 
not be removed from the system. The 
be obtai nedC 1 . 


. . . lO. 10 

when the slag capacity is very 


. . . lO. 11 

the phases after contact during 
react. The slag phase may or may 
following kinetic expression can 


CW :> 

H T 


exp < - 


r? y 


n 


. t 


V 


t> 


. . . lO. IS 


by. 


The maximum efficiency of the transitory mode of contact is given 


ImI 

C W 3 

H <t 


Y) V 


. . . lO. 13 


Dividing Eqs. 5 arid 6 wa gat. 

M M 

I W 3 y, Y 

** S * ...10.14 

C V/**3 1 + r}** Y 

H p 

Tha abova aiquatlon shows that for any value of n Y, the 
transitoric mode of contact is more effective. This is explained by 
the fact that the used CssaturatedD slag in the case of transitoric 
contact is leaving the system. The efficiency of transitoric contact 
mode is illustrated in the following: 


Consider desulphurization of hot metal 
Si = l.aJi!) by injection of CaC powder. The 
CW): 


CC = 3.3%, S = 0.08% and 
m&l’t -temper abure is 14S7 C 



Tht> t t.i c;*ri is 


C&C + [ S3 
n 


In K 

By assuming a 


431 00. 5 


Log f 


Bk a 

C'CdC CaS 

a 


CaS + 2CCD 
- 13.3 

= 1 , w© may write. 


Cf X wt C]‘ 


lO. 15 
lO. 16 


t wt 


S 3 

SS. 

C 

. . 10 . 17 



f . K 





m 


f 

C 

= 

c 

0 

C wt 

y. Cl + e® Cwt S3 + e^’’ Cwt % Si 3 

c a 



S 

0 . 1 4 

X 3. 

3 + 0 . 046 X 0. 082 + 0. 08 X 1 . 3 

. . 10. 1 8 

f 

s 

3, 71 


• 

. . 10. IQ 

f 

m 

a 

2 . 74 



. . 10 . 20 

[ wt 

% 

S3 


3. 71 *x 3. 3 * 


= ^ 

74 X 171653.86 





= 3. 

186 ppm. 



This is th* value of S attainable in metal by tr ansi tor ic mode of 
contact under equilibrium conditions. 

Eq’ p.i»r marsi^n’t n&action is 

+ CO*":i = CS®“5 + [03 ...10.21 

C wt SD X r 2 - X [ a 3 

? 1- ...10.21 

[ wt % S3 X f X a 2- 
s o 


CS3 
K = 


It is k 
concent rati or* 
top slag of a 

[Wt H 0] 


nown that r 2 - is practically independent of sulphur 
in slag ar*^ a 2 — is a function of slag basicity. Tor a 
given eomposiCion Chance basic! tyl) 

K' [a 3 X Cwt !< S soluble in slag!) 

° ... 10.22 

,*S I 'I , ^ 


m 


wh«rr«r IC" is Ift#qui librium quotis<nt 


r 2 - 

B 


K a a- 

o 


The value of K* has to 
20J^£ Ca Co powder injection. 
B3. 4 %. Si& » 1SJ< . A1 O 
4% . The value of K* 
expression we get. 


= 6. 8>« 

was* found 


be determined. In anexpt with 805< Ca C + 
the resultiric slag after deS was CaO = 
FeO = l3Jt and MgO = 4. OS< , CEO = 

SO in the above 


to be 80. Putting K’ 


Cwt S3 ■ 2Q.62 [a^3 X Cwt in el<i 9 



For- Cwi. S:.) 

0. 01 33^^* 1 i hr i ur/u 


-IxlO"^ wo got [ wt % S] = 
Further a^-er-^as^ in ta ] is better- for deS. 


In ih^ actual «xp®rimw,ts, the sulphur content of the hot metal 
after de > was m.ar ,ng close to the value calculated by equilibrium 

pormAn#r'it corn tact Cl 52)* ^ 


Despite, the fact remains that the tr ansi tori c mode of contact is 
an efficient mode to produce steels with lower impurities. In the 
tr ansi tor ic mode of contact, the slag droplets or injection of solid 
powder take part in the reaction directly. The transitory reaction 
provides the Initial driving force towards reaching the quilibrium for 
p^rmanerii r ci-action* 


10*34 3 Pr'Obl#ms 


Th<& rt di sadvarfLag# of* powdor injection is t.hia't bHe residence 

tiiB^ of t*h€# b i cl es is guibe short* Ca few seconds!!; l*hus t/he reagents 
eff i ci etic i ar-e oft*#n very poor. The trajectories of the particles are 
of f undanti'ifrrit al 1 tiftpor* tance to these processes. For reagents such as 
lime and calcium carbide^ the particles must be in contact with melt 
for reaction to occur* In contrast to this> Mg and Ca vaporize when 
injected into iron and steel. Other alloying elements such as 
A1 » C» Si ^ Ca » Mg ► B ► Se ► Ti havedensi ties lower than liquid steel whereas 
others such as Ce^Mo>Pb> W^Zr >Cr ►Co are heavier than liquid steel. 
Elements with extremely low or high densities as well as strong oxygen 
affinity are difficult to introduce into the bath. 

During the injection of alloys there is a temperature drop at the 
lance tip due to the expansion of the gas and heat transfer to the 
alloy. This might lead to the formation of deposits at the lance tip 
for elements with a high enthalpy and heat conductivity. The deposits 
occur often during injection of Mg or Ca. The deposits lead to a 
constriction of the feed lance and sometimes to complete blocking. The 
growth of deposits may be avoided by constructional changes in the 
lance and the choice of suitable process parameters. Injection of C 
does not give such problems. 

10*3*4 Materials for Reactions and Alloying by Injection with 

Carrier Gas 

Tlie main purpose of particle injection is, the feeding of a fine 

grained material deep into the molten steel. ^ 

Tlte optimum powder size is determined as a compromise between 
fin® powd®rfe Ccr®ating theoretically large interfaces, but may choke 
the nozzle or remain entrapped within the bubble or being carried away 
by the dust collecting systeirO and course powder C creating small 
reaction surfaces, but having a greater chance to leave the gaseous 
envelop and to react with the steel bath, but with shorter reaction 
times due to greater buoyancy. Nominal particle sizes less than 3 
usually 0.1 to 0. 5 mm are recommended. The powders can be mechanically 
mixed, or premelted and granulated. 



X A J* iX f G X o 


c&n h& inj€>c-L^d. Some? ©xampl os C 1 63 : 


CtesuX phuri zaii on : 

CaO » CaO + A1 ^ CaO »+ CaP 4 * AX 

CaC p M 9 + CaO> Mi ochmo'tal . ^ 

2 

Deoxi dation: 

CaSi > CaSi Ba> Ca Si Mn. 

Sul phi d# modi f icail on: 

Ca Si , Ga 2r 
Daphor pX^ior i sat i on : 

CaO CaF 4 . Po O 

a a a 

Mil regain removal : 

F# 2r. Si Zr 


CaC + CaCO + CaC + CaO, CaSi . 
2 a 2 


AX 1 oyi ng pur pos#s : 

Si from FoSi 7B 

N from CaCN 

2 

C from graphite powdor 

Ni from Ni -oxide 

M from - oxide, and so on. 

o a 

Th© more sophist.icat.ed injection of powder under the steel bath 
surface has a number of advantages, e. g. CaSi- injection results in 

Ca'> Change from two slag practice to single slag practice in EAF 
CbD Posssibility to buy scrap and pi with higher S contents 
CcD Possibility to produce low S steel 

CdD Avoiding of A1 cluster problem in the nozzle for A1 - treated 
steel s. 

Working with powder of reactive materials requires special 
precautions because of risks for dust explosions. The tendency of 
powder material to explode is connected with the following factors : 

Ca3 Particle size Cbj Particle structure Cc:) The quantity of 
particles in the air CdD Its reactivity to oxygen Ce3 The 
humidity of the material by side reactions CfZ) Content of non 
combustible material Cg5 Required energy to ignite a dustair 
mixture of the material. 



10.3.5 Equipment of Injection 

Figure 10.7 shows the different 

For injection under the metal 
lances or tuyeres can be used. 


types of dispensers Cl 61). 

consumable or fired ad 


pu^hor disp.„s^r is th. i„ design, -m. pusher 
Opera s ^ wi ^ powders, those powders having the property 
of self feeding. The pusher dispenser will not operate properly with 
powders contg. more than of a -300 mesh fraction. 


In the fluidizer dispenser, a wide range of powders at high 
powder to gas ratios can be transported. It is possible also to use 
for r»on flowable powders with a big tolerance concerning grain size. 
The shape of the powder particles does not affect the flowability to 

any <»xt^nt. 


TK# vx br y di sponsor has it^s be?st. uso f‘or applications 

requiring low and clos^ control of powder flow rate. 

A typical application is the injection of Mg powder into iron in 
uncovered ladle where a high and non-uniform Mg -flow rate can cause 
violent explosionlike reactions. Vibratory dispensers can transport 
flowable and to a considerable extent nonflowable powders and operate 
at low powder to gas ratios. 

The friction by the particles in the equipment sometimes causes 
problems particularly when they are needle shaped materials with high 
quartsite content* This problem can be solved by using powder <0.1 mm. 
In general 1 the friction problem and the wear can be solved by chosing 

suitable particle sizes^ and optimal gas speed which should be above a 

certain minimum level. 


10* 3- 6 Powder Convey! ng Modes 

Gas -sol ids powder transfer systems are generally designed as 
either Dilute OR Dense phase conveying modes. 

Dilute phase systems are normally low pressure and 
character i sti cal 1 y handle low solids loadings having high gas 
velocities. These systems have comparatively lower pressure losses per 
unit length of conveying line in comparison to the dense phase design. 

Dens# phase systems operate with higher pressure losses and with 
high solids loadings. Due to such high loadings^ such systems are 
operated at low velocities to minimize solids degradation and line 
erosion. Less gas is needed to transport a given mass of solid in 

dense phase conveying. 

The dense phase systems do not provide truly continuous 
conveying. There are two reasons for this; firstly^ plugs of ^material 
interspersed with slugs of air. Secondly > the conveying is . often 
operated as a batch process. The second problem can be avoided if two 



hoppers are us^d 1 n ps^ral 1 el . At any one time, one hopper can feed the 
material into the pipeline and the other can be refilled The problem 
of interrrdttant flow could be circumvented by discharging the 
pipeline to a storage vessel and then using, say. a rotary value at 
the vessel bottom to feed material continuously to the process 


The physical proper; ties of the powder such as density, vapour 
pressure, m. p.t. etc. would decide the type of conveying modes. For 
example. Ca , Mg being lighter than liquid steel and also their b.p.t. 
is lower than steel melt temperature, they must be injected at high 
velocities into the bath i.e. in dilute conveying mode. Similarly 
various fluxes for deS can be injected. 


Fig. 10. 8 sl’iows the pneumatic conveying regimes for horizontal and 

vertical flow of powders. 


10.3.7 Interaction Between Powder Jet and Liquid 

When the gas carrying the solid particles enters the liquid^ the 
particles proceed in almost a straight line at constant velocity 
within the cone angle of the particle Jet, while the gas loses its 
velocity. The Jet velocity decay is at first governed by the liquid 
entrainment : inertia causes the velocity to decrease rapidly. A low 

momentum Jet is quickly dissipated by the buoyancy force and spreads 
readily and lightly leden Jets penetrate less deeply than heavily 
laden Jets. The gas Jet breaks up into a could of bubbles that rise 
through the liquid owing to vuoyancy, and, as this happens, particles 
trapped in the bubble hit the gas/liquid interface. 


Fig. 10. O shows the uncoupled and coupled flow C17D. For- 
uncoupled flow, the gas and particles separate at the lance tip on 
contact with the liquid, the gas rising as bubbles. For coupled flow, 
gas and particles move together for some distance into the liquid. As 
the Jet velocity decays, the coupling force decreases, and the gas 
then separates from the particles, spreads away from Jet axis and 
particles, and leaves the Jet. 


If the liquid wets the solid particles completely, the particles 
are immersed in the liquid spontaneously and without creating a 
surface depression at the interface. The stripped particles travel two 
to three times as for as the gas Jet and could hit the bottom of the 
ladle with vertical injection and deeply immersed injection lances. 


Fig. 10. 10 shows the different possible regimes in injection of 
gas and gas/powder mixtures into the liquid C17D. In this figure, the 
amount of liquid entrained in the downward portion of the jet 
trajectory is small, so that there is little ohance for 
liquid-particle reaction. On the other hand, there is ample 
opportunity for solid/gas reaction at progressively higher 
temperatures along the Jet axis. Solid/gas Jet configuration is harful 
for mixture® which react exothermically with ^ 

pulverised coal -air mixtures because of potential lance damage^ 
However, endothermic materials such as CaC^ - a ^ or o me a e. 

w®ll euibod to thia ragim®- 



This configuration CFia lO im i 

which react exothermically with the uLfd Tw materials 

for hot metal deSi becauL the rLciJon "nJ’ "" 

i®acT.ion 2ono is far from tho lanco 

tip. 


Som# maicrrials for i n i 

, , j. ^ ar cr coars©; for ©xampl© Mq and CaSi 

are too dangerous to handle as fine i 

, T iine powders. These particles require 

larger gas velocxtxes than fine particles for pneumatic corweying. On 
the other hand, partrclds which are easily wetted by the liquid, such 

specially coated reagents, may cross the gas/iron 
interface so that either a particle liquid jet or particles settli 
as individual will prevail. In both the cases there 

contact of liquids with solid and gas phase reaction ' 

favour of liquid phase reactions. Unfortunately the parti cl 


close to 
react! ons 


the 


rig 

is an intimate 
is suppressed in 
es contact 


lance with the possibility of damage due to exother 


mi c 


Granule that vaporize explosively such as Mg in iron or Ca in 
steel Can also damage the lance. Lance clogging can be eliminated by 
either mixing the grtanules with fine powders to make a jet as in the 
’time'^may pt'ocess or by moving to higher flow rates where choked flow 

can be obtai ned . 


10. 3. S Typical Injection Practice Sequence C181 


TTie sequency is for a steel contg. O. Oa - 0.03% S in BOF or EF 
with a final aim of S less than 0.005% S 

1. Some type of slag retention should be used. 

2. Steel must be aluminium killed with an aims of 0.03 to 0.05 
pet. A1 in the ladle. Oxygen sensor measurements are useful. 

3. Synthetic top slag should be added prior or during tap. For 
example 10 kg CaO or 2 kg CaF /ton of cteel can be used. 

4. Measure slag corryover at this point. For excessive amount 

of slag» additional aluminium should be added to reduce the 
slag or increase CaS; should be injected. ^ ^ 

5. CaSi is injected. 56 kgXmin using 0.42 m /min to 0.57m /min 

Argon. Typically about 2.72 kg/ton is injected. Therefore 
for a 200 ton heat, around 544 kg CaSi is required in 8-10 
mi nutes . ^ 

6. After injection a gentle argon stir at 0.14 m min for- 
around 2 min will help float out inclusions. 

7. Trim additions of A1 and Mn may be needed at this point. An 
oxygen sensor may be used to estimate A1 . 

Variations 


CaO flux may be injected instead CaSi 

Cbj CaO may be injected before CaSi to produce a stiff top slag 

i f a 1 adl e cover i s not used 

CeJ smaller amount of CaSi can be used if only oxide 
modification for casting purpose is desired. 



10. 3. 0 


Concluslorns 


I n J on l4»dl© r/i&tallurgy technique is extremely effective for 

deS. oxide shape control and sulphide shape control. However, it is 
necessary to avoid steelmaking slag carryover and excessive splashing 
caused by high argon flow rates. The processes causes usually an 
increase in hydrogen and nitrogen contents and it may be difficult to 
control the aluminium content. The biggest disadvantage may be the 
temperature loss ogf about 24 C to 38 C associated with the process. 
Therefore, any attempt to utilize injection metallurgy technique 
should also consider the development of supporting technoloies such as 
avoiding si ag“carryover , compOensation for heat losses, shrouding the 
metal streams and vacuum facility. The consolidation of all these 
technologies will help producing clean steels with low amount of basic 
impur i ti es . 
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Evolution of multi-stage process route for an electric 
sheet steel grade with >3?C Si using injection metallurgy 
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Fig. 10.4 : Variation of mass flux of gas 

for onset of jetting of liquids 
as function of ratio back 

pressure/liquid ambient pressure 
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Different positions of porous plug and resulting 
flow pattern 
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10*6 Flow paiitorrt£; in ladlos for various injection 

conf i gurati ons 



,Fi.iii,h#r 4imp>»nmmr Fluidised bed dispenser Vibratory dispenser 


Fig, 10,7 


Different types of powder dispensers 
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b* Vertical dlluta phase conveying 
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Figw 10.8 


Pneumatic transport of powder regimes 



uncouple 




A) Coarse particles injected straight downward are uncoupled so that bubbles 
form. 

B) Coarse particles injected at an angle segregate to the bottom of lance and 
bubbling is produced 

C) Fine jsarticles injected straight downward are coupled with the gas and 
therefore form jets which p>€netrate until their momentum is dissipated 
Bubbles with particles inside rise from this point 

D) Fine particles injected at an angle segregate to the bottom of the lance and 
therefore a jet of particles and some gas penetrates into the bath At the lance 
tip most of the gas is in the top part of the lance and therefore the gas is 
uncoupled from the powder and therefore bubbles form at the lance tip as well 


Fi9# 10#^ S^chairuai'ti c diagram illu»trat-ing IHa 

coupling between gas and solid 
phases for various configurations 
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Schematic representation of the regi»m=* 
of gas and particle flow in liquids 
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CHAPTER 11 


PHYSICAL AND MATHEMATICAL MODELLING OF SECONDARY 
STEELMAKING PROCESSES 

DIPAK MAZUMDAR 


11.1 PHYSICAL MODELLING 


Th® physical modelling sLudios roport-od in t-he meLallurgical 
litaraLur® hav® b«»<»n carried out in connection with the development of 
new. or adapted, steelmaking processes. The laboratory modelling of 
si ag/metal /gas flows have most frequently used water as the modelling 
medium to represent the liquid metal. The validity for using water in 
place of molten steel has been demonstrated repeatedly over the years 
by many researchers, For the present purposes, it is sufficient to 
note that the most important single property in this context apart 
from its ubiquity, is that its kinematic viscosity C= molecular 

viscosity /density!) is essentially equivalent to that of molten steel 
at ISOOc Ci.e, , within 10 pct.D. Flow visualisation experiments in 
aqueous systems using dyes or other tracers, have therefore proved Lo 
be very helpful in developing a qualitative understanding of various 
flows. Similarly, more detailed information on flow characteristics 
have also been possible by measuring velocity fields by tracking the 
motion of neutrally buoyant particles, hot wire or hot film 

anemometry and lately by laser doppler anemometry. In addition, 

measurements of residence time distribution to characterise mixing in 

water model experiments using dye, acids or KCl salt solution have 
pr ov«*d v^r y popul Ar ♦ 


Having realised the advantages of using water as the 

representative fluid, it is now appropriate to discuss the 
problem of how Lo model or characterise metallurgical ^ ^ 

foreword, it is perhaps self evident but important to “ 

the same forme of dimensionless differential equations 

metallurgical operations, and if an equi valence^ of 
velocity, temperature, pressure or concentration ebc. 
fields also e>:.t between the two, than ^.her become a 
reoresentation of the other; l.e. , one can be used as a 

r o.n.r.l of the n~<i f°r mx lart ty bet^n 

a model and a prototype which requ res a 
between corresponding quantities. 


more such 
di mens! onl ess 


there be constant ratios 


11.1.1 Physical Modelling Principles C15 

-re 4 . y.r Similarity between a model and a full scale system 
Th# siAt#s of simixarx ^ mechanical, thermal or chemical 

would normally include further subdivided into 

similarity. Mechanical dynamic similarity between a 

requirements of ar^ discussed below in detail . 

model and its prototype. These are aisc 

Ca3 Geometrical similarity : _ model a full scale system or 

A basic requirement of any 



+ ^ geometrically similar. Obviously, both 

rerTltnirr!i^ - a small feather^ bird 

K scale human equivalent. Two 

bodies are said to be geometrically similar, when for every point in 

one body, there exist a corresponding point in the other. Such point 
to-point geometrical correspondence normally allows a single 
characteristic linear dimension to be used in representing the siLs 
of a model and prototype. For instance > a cylindrical model ladle in 
the laboratory can be represented by its diameter D, and compared to 
its equivalent full scale counterpart by noting its relative 
scale according to : 


size or 


X * 


D 

m 

IT 

p 


... 11.1 


In which, X is called the geometrical scale factor. Note X = 1 

essentially suggests that the laboratory model is having exactly 

the same dimensions as the full scale industrial system. On the basis 

of these, liquid steel at position r , z and Q would then correspond 

to liquid in the model at r , z Snd 3^ , itS equivalent location, 

mm m 


according to Csee Fig, 11.13. 

a - 0 and ^ ^ ^ = X ...11.2 
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P P p 

Cb3 Mechanical similarity : 

For systems of interest to process metallurgist, in addition to 
geometric similarity, mechanical similarity is a common requirement. 
As previously mentioned, mechanical similarity comprises static 
similarity, kinematic similarity and dynamic similarity. 


bl Static similarity 

Static similarity is concerned with solid bodies or 
structures which are subjected to loads and is chiefly of interests to 
mechanical and structural engineers, since in modelling of secondary 
steelmaking processes this has no relevance, consequently it is 
mentioned here. 

bS Kinematic similarity 

The requirement of kinematic similarity may be stated as 
follows : geometrically similar moving systems are kinematically 
similar when corresponding particles trace out geometrically similar 
paths in corresponding intervals of time. The concept is illustrated 
diagrammatically in Fig. 11.1 - This shows an alloy addition being 

dropped into a filling ladle of steel during a tapping operation. In 
order that the low-temperature analogue on the right be a true 
representation, it is necessary that model alloy addition Ca wooden 
sphere in water having the same density ratio as the ferro alloy 
addition In steel 3 move through the water such that : 



of the modelling principles. 



b3 Dynamic similarity 

Dynamic similarity is concerned with the forces which 
accelerate or retard moving masses in dynamic systems. It requires 
that the corresponding forces acting at corresponding times at 
corresponding locations in the model should also correspond. Before we 
proceed further, it is worthwhile considering the typical forces met 
in fluid flow systems viz., pressure, inertial, gravity and viscous 
forces and their appropriate dimensional representati < 


. on. 


Pressure force. 

F 

P 


pr occur o X crocc—cocti onal 

ar ea or 

PL^ 

Inertial force. 

F 

i 

S 

macc X acceleration 

or 


Gravity force, 

F 

g 

BS 

weight of fluid 

or 

pgL^ 

Viscous force. 

F 

w 

as 

tangential chearing stress 

X ar ea or 

pUL 


Dynamic similarity requires that at a given point. 
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i,#. p th# polygons: of force-s for corresponding parlicles or fluid 
elements must be geometrically similar between model and full scale. 

As a further consequence^ it follows that corresponding ratios of 
different forces in model and prototype should be equal; i . e. » for 

inert! al /vi scous force equi valence » 


i t m 


i »p 
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or » di mens! onal 1 y 
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and finally, 
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R® , m ' 'R® , p 

similarly, for inartial /gravity force equivalence: 

N_ » N„ 

Fr , m Fr , p 

under such conditions, the dependent grouping, telling no what the 
overall pressure drop along the flow system is, w aga n ear a 

constant ratio such that. 


N. 


N, 


... 11.0 

'Eu,m ”Eu,p 

In Eqs. C11.7:5, C11.S3 and Cll.O:) N and respectively 

represents the various dl mensl onl ess groups Cviz. .the Reynolds number, 



the Froude number and the Euler number D 
of fluid motion In moving systems. 


CcD 


that characterises the state 


Thermal similarity 

^v^tems are*^th"S^Vn’^Jhi^K*^ transfer operations, thermally similar 
systems are those in which corresponding temperature differences bear 

^ Trmi^are^^iiidnn'^ IT corresponding positions. When the 

fsfTrf timilTriT’ Similarity is a pre-requisite to any 

thermal si nU lari ty. Heat transfer rates by conduction, convection 

and/or radiation to a certain location in the model must bear a fixed 
ratio to the corresponding rates in the prototype. This situation can 
be expressed algebraically as ; 
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Sc. 
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Q 


c,m 


= C. 
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S' , p Sc , p *^c , p 

where subscripts r,k and c refer to heat transfer by radiation. 


conduction, convection respectively and Q represents quantities of 
heat transferred per unit of time. 


Cd]) Chemical similarity 

For adequate chemical similarity to be achieved between a 
model and a prototype, it is normal that dynamic and thermal 
similarity be first satisfied : the former since mass transfer and 
chemical reaction usually occur by convective and diffusive processes 
during motion of reacting material through the system, and latter 
since chemical kinetics are normally temperature dependent. 
Consequently, chemically similar systems may be defined as those in 
which corresponding concentration differences bear a constant ratio to 
one another at corresponding points within the geometrical system of 
interest. 


11.1.2 Successful Modelling 

The objective of the physical modeller is to achieve geometrical, 
mechanical , thermal and chemical states of similarity between a model 
and the full scale system C prototyped. His objectives are achievable 
provided certain criteria are met. These criteria, as has been 
mentioned already, are that ratios of like quantities Cforces, heat 
flows, mass flowsd should correspond on a point to basis 

within the physical domain of interest. Starting with the governing 
equation, it is possible to deduce what corresponding conditions are 
needed for a model . 

Having carried out such an analysis, as will be demonstrated 
subsequently, that only one ratio of corresponding quantities can be 
satisfied in practice It is then up to the skill of the physical 
modeller to decide which is the most Important criteria requiring his 
attention. Fortunately, some latitude is generally allowable in the 
less sensitive force ratios, since they will have little bearing on 
modelling phenomenon. The trick is to decide which factors can be 
Ignored in setting up the model. 
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Case Illustrations 


Ca5 Hydrodynamic modelling of ladle flows CED 

Hydrodynamic studies on ladle flows are often not concerned 
with thermal and chemical similarity effects, consequently the 
equivalence between a model ladle and a full scale system can be 
adequately described via, the geometric and the dynamic similarities. 
Geometric similarity provides the necessary means for scaling the 
characteristic physical dimensions of the system, while dynamic 
similarity entails the correspondence among various forces Ce.g. , 
inertial, viscous, body forces and etc.D acting on the system. It is 
through consideration of these forces that the required criterion 
between the model and the full scale systems can be established. 

In any flow system, the balance between various forces acting on 
a fluid element can be described via the Navier-Stokes equation. For a 
multidimensional flow situation, under steady state conditions, the 
force balance in tonsorlal form can be expressed as : 


- 5 — Cp u. u 3 
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du, 
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The non-dimensional equivalence of Eq.Cll.llD,is typically represented 

^ CN 


'Eu 


Re * *^Fr^ 


. . . 11.12 


Equation C11.12D states that the ratio of the pressure force to the 
kinetic energy contained in the fluid Ce. g. , ^gup * flow system is 
a function of the inertial, viscous and body Cviz. , the buoyancy, in 
the present situation^ forces. It is therefore apparent that to 
achieve similar ratios of pressure force to kinetic energy in the 
model and in the full scale systems, the Re>'nolds C= inertial 
force/viscous forced and the Froude C= inertial force/buoyancy forceD 
number equivalence must be maintained between the two. Nevertheless, 
with typical laboratory scale water models employed in fluid studies 
Ce.g. , X =a 0. 1 to 0.43, it is impossible to regard both Reynolds and 
Froude similarity simultaneously. essentially follows since 

kinematic viseos^ity of steel at 1600 C is practically equivalent to 
that of water at the room temperatures. As a consequence to this, the 
influence of one of these dimensionless groups on the induced flow has 
to be ignored as a first approximation. Assuming flows in typical gas 
stirred ladles to be dominated largely by the ^ff’'tial forces tvi^z., 
considering R, » N 3, the dynamic similarity criterion between 

model and full scale ladle systems can be derived from Eq.Cll.l£3 
according to : 


CN« 3 
’ Fr m 
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It is to be mentioned here that a large number of investigations 
cLrled ouf to dltr support the above conviction and Indicate that 



flows in bubble stirred ladles ar^. Kv ^ ^ 

inertial rather viscous forces. Eq^uTtion^cn . 13D ^under 

the a.-^ump ^ already, suggests that to establish dynamic 

systems, the ratio of the 
inertial to the buoyancy forces in these systems must be identical. To 
quantify these forces in gas stirred ladle systems in terms of 
relevant expressions. Fig. 11.2 has been included in the text This 
illustrates schematically the gas injection system Cviz . Fig 11 aCaD5 
and a corresponding idealized representation Cviz.. Fig 11 2CbDD 
applied to infer the various forces. Referring to these, it is readily 
seen that the buoyancy force acting on the system can be conveniently 
expressed as : 


Buoyancy force «Cp - p3gaCnr^L5 


2= p a oi Cnr^ LD 

L* # 


...11.14 


in which. represents the radius of the idealized plume 


CFig. 11 . 2CbDD and has been deduced assuming the latter to be 
essentially cylindrical in shape having a volume equivalent to that of 
the actual near conical geometry Ce.g. . Fig. 11 . SCaDD . Equivalent 
expression for inertial force is however, not readily apparent. This 
follows as the expression for inertial force embodies a characteristic 
velocity scale as well as a characteristic length scale Csee also 
latterj and these as one might anticipate, are not straight forward in 
a recirculating flow system. such as the one under present 
consideration. Towards this, it is to be recognised here that in the 
plume region alone flow is practically uni di mensi onal and therefore, 
considering the average plume radius as the characteristic dimension, 
the required expression for the inertial force can be derived. The 
inertial force acting on the system can then be represented as : 

Inertial force = p U* Cnr^D ...11.15 

tn P • 

Incorporating Eqs.Cll.133 and C11.143 in Eq. C11.153. the dynamic 
similarity criterion for the gas stirred ladle systems is expressed 
as : 


^ '■'^m p ,, P 5 

p"""'''g C~ot m P g L a f . s 

Iw* 

Incorporating the continuum approach to represent 
f> . in the two phase plume region viz. , ^ P^ 

cart also be written in the following form, viz. , 


. . .11.16 

the mixture density. 
Cl- oD. Eq.C11.163 


U ‘C1“00 
c~£ , — 

(Qf L* Ot :IW 

Furthermore, assuming 
model as w*l 1 as 1 n 
simplified to ; 


Cl-oO 

- ' g L 

volume fraction of gas. 
the full scale systems. 


... 11.17 

a , to be equal in the 
Eq.C11.173 is readily 



...11.18 


C-f-D 
gL. m 
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gL ^f.s 


Equation C11.183 derived on the basis of Froude dominated flow 
phenomena is the key to the modelling of ladle gas injection 
operations. It is Instructive to recognise here, that a criterion such 


as equality of modified Jet Froude number Cviz N* = ^ ^ D 

Fr gL ■ - Pg 

between the model and the full scale systems is not applicable to the 
present situation, since under ladle flow conditions the kinetic 
energy of the incoming gas is considerably less Ctypically about 7~10 
pct.D than the potential energy afforded by the rising bubbles. 
Moreover, in the bubbling regime the hydrodynamic conditions at the 
orifice or the nozzle is not critical to the bulk flow recirculation 
induced. Hence a dimensionless number embodying orifice 
characteristics Ce.g. , ► u etc.D has clearly no relevance to the 

present Investigation. In th?s context, it is seen that incorporating 

0 , the mean speed of liquid recirculation in Eq.Cll.lSi), though a 
dimensionally correct expression for inertial force is obtained, the 
resultant expression, nonetheless, would not be physically meaningful. 
To express further the equivalence in Eq.Cll.18!) is terms of the 
operating variables Q, L and R, the macroscopic equation for estimating 
the plume rise velocity, U , proposed by Mazumdar and Guthrie Cch.SD 
can be adopted, e. g. , ^ 


4.5 


. . . 11. IS 


Equation Cll.lS!), as has been demonstrated produces results that are 
consistent with experimental measurements reported in the 
literature. Thus, substituting U ^ from Eq. Cll . 193 into Eq.C11.183, the 
following expression is obtained in terms of the relevant operating 
variables, viz. , 

,4/2 fZyS a/2 pl/2 

-O L R ... _ L K ...11.20 


^2/3 ,4/2 ^/3 a/Z ply'Z 

» C^^ = ^ ^3^ ...11.20 

^ gL m gL f.s 

and finally, in terms of the geometric scale factor, \ , 

L R 

C « , ihe explicit equation between the model and the 

*"f.s 

full scale gas flow rates becomes : 
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. X-'" 

Thus, on ihe basis of Eq. Cl 1.213 and geometrical similarity, a water 
model ladle with the required scale factor can conveniently 

proposed. To illustrate this. Table 11.1 has been included, which 
shows the characteristics of a 150 ton gas ladle and ^hose 
corresponding to a 0.33 scale model ladle. Wit re erence 
11.1 it is iLtructive to note, that it is not necessary to scale down 



the lance diameter, since, hydrodynamic conditions at the orifice or 
nozzle are known to be not critical to the overall flow recirculation 
induced It is h^ver. important to ensure that similar gas flow 
regimes Ce g. . bubbling into liquid:) prevail in both prototype and 
model and t JUS while selecting the gas injection lance for the water 
model ladle, this needs to be emphasized. Finally, as seen, the 
modelling exercise ignores the presence of any overlying buoyant slag 
phase in either full scale or model systems. 


C bD Fluid flow and ferro-alloy hydrodynamics in ladle tapping 

operations 

Referring to Fig. 11, 3 > we see that a jet of liquid steel 
issues from the tap hole of a Basic Chcygen Furnace and plunges through 
a hei ght r into a filling bath of steel. That most important factors 
governing the resulting flow field are> by reference to the turbulent 
form of the Havier Stokes Equation^ forces due to inertia^ to gravity^ 
lo friction and possibly to surface tension. We therefore require 
equivalence of forces between model and prototype* such that 


R# « R# 


or 
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Choosing water as the low temperature analogue ^f^uid, we have the 
condition that water = Cp//j 3 steel a: 10 ms . We see there- 

fore that a water model satisfying Reynold’s criteria would need 
a characteristic velocity Ci.e. Jet entry velocity into the ladleD 
such that 
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m X 0. IS 

However, if we are to satisfy the Froude Criteria, we have 
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or 
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« X u . 
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Obviously both conditions cannot be met with X - 0.15. The question 
is which one should we adopt? If we consider the numerical value of^ 
the Reynolds Number for steel entering a 4m dlame er a e a 


Re 


7000 X 10 X 4 ^ ^ 

a, a X X 


... 11.38 



where p 7000 kg m , p s 

indicates that the ratio of 
enormous, and that the flow 
viscous force dominated. 


v-3 


f X 10 kg m s‘‘ Cor mPas5 . This 
inertial to molecular viscous forces are 
is therefore inertial force rather than 


By 


contrast, the numerical 




0. 81 X 4 


value of the Froude relationship 


S: 2.5 
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is close to unity where the characteristic length scale is taken to he 
the vessel diameter « The jet entry velocity, U , is governed hy the 
height oi drop from the furnace and the ferrostatlc head in the 
emptying B. O. F. furnace. The result indicates that inert-ial and 
potential forces are of the same order of magnitude and therefore of 
equal importance. 

Final ly,we should consider surface tension forces which appear in 
the Weber Number as a ratio of inertial /surface tension forces. Again, 


We 


pU*L 

o 

cr 


::k 


7000 X 100 X 4 
1 . 63 


1.7 X 10** 
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where the^^urface tension of steel, at 1600 dynes/cm, translates to 
1.63 kg s” . Evidently with Inertial forces almost two million times 
greater than surface tension forces, we can neglect the latter, at 
1 east i n ter ms of bul k movement of steel . 


One difficulty with this analysis is the phenomenon of air 
entrainment. Air is entrained into liquid steel surrounding the impact 
zone of the plunging Jet. In fact, significant .quantities can be drawn 
in to Cal) create very dirty reoxidlsed steel, and CbD considerably 
modify flow patterns within the ladle. However, this entrainment 
phenomenon is not likely to be surface tension related at full scale, 
but rather Froude based. Definitive studies have yet to be performed. 
Sfummarizlng these arguments, we conclude that the operation of tapping 
a furnace into a ladle should be modelled on a Froude Basis. 

For modellers with lingering doubts, a full scale aqueous model 
would be needed: under such conditions, equality of both Fr and Re 

groups between model and prototype would be satisfied, since 

both » 1 and X”* » 1. 

Recommendati on 

A 0.15 scale model of the tapping operation should be built, 
wherein lengths, L, velocities. Up . entry flow rates, , an 
fill-ing times. t, should be modelled such that : 

L « XL e.g. D = 0.15 X 4.0 m = 0.60 m 

w p «i ^ 

V « x®V V = 0.15® X 37.7 m = 0.127 m 

m I» ^ 
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Ferro-Alloy Hydrodynamics 

To model part-icle ■trajectories of alloy additions in liquid 
steel r ® little fcjackqround information on heat transfer to alloy 
additions is needed. One finds that all alloys dropped into steel 
baths, no matter their actual thermal properties and melting points, 
freeze a shell of steel around them. This leads to the phenomenon of a 
molten ferro-alloy core contained within a frozen steel shell as 
discussed in ch. 6. Consequently, the hydrodynamic simulation involves 
treating the motion of a buoyant lump Csphere for simplicity^ of 
relatively constant diameter as it moves through a swirling flow of 
liquid steel. 

We will use the differential equation technique to determine what 
important parameters need to be considered, and therefore how we 
should set about modelling particle behaviour in flowing fluid. 

Applying Newton's Stecond Law of Motion, therefore, which states 
that the sum of the applied forces acting on a body is equal to the 
product of the body's mass and acceleration, we have, taking z 
positive downwards, 

m~ = F+ F+ F+ F ...11.31 

m dt- » A 0 g 


where F = p V q 

f A 


F « -p V g 2 

" • nd 

» -C^ 1/3 p U 


The only force worthy of extra comment is the added ^ss i^orce, F . 
This force is a measure of the resistance experienced ^ 

accelerating or decelerating submerged body during its translation 
through a fluid. Evidently, acceleration of a ^ 

density liquid such as molten steel is considera ^ _ 

than the same body's acceleration through a gas, or added mass 

sphere, the coefficient of proportionality. , the added mass 

dU 

coefficient 1* 0.5, and F » 0- 6 p • 


mass 



Substituting for the various forces, and collectino like terms 
we can write the following differential equation • ^ 
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or 

defining 
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dU 

dt 
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or simplifying and reducing to dimensionless form 
d ... Cy'-lDgd 
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For the ferro-alloy in liquid steel to be modelled by a particle 
travelling through water, this general equation must apply to both 
systems and there must be a correspondence of like quantities or 
forces. Denoting the real system by subscript 1, and the model by 
subscript 2, Cand dropping the solid, s, subscripts we require a 
correspondence of quantities such that 
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And for System 2 i n terms of 1: 
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For these two differential equations to be numerical! v identical 
required ^for a perfect model, we need K = ^ 

and K^/K^ =1. Consequently. provided\he added^'mass coefficient 


as 

1. 

is 


identical for both large and small spheres, the drag coefficient C is 
numerically equivalent Ctrue provided Reynold’s Number > 10"* ^ or 

more3 , tire sol id/- 1 iquld density ratio is the same, and Froude 


K d /d 

modelling is adopted C— « — ~ — 1_ = 13 , v*»e can 

K* U* /U® 

U 2 i 

r 

correspondence between model and prototype, in 
equivalent, as well as are particle trajectories. 


achieve a perfect 


whi c h t i mes ar e 


Recommenda ti on 

A 0.15 scale model requires that the particles entering the 
aqueous analogue be scaled, together with entry velocities and density 
ratios. Hence 

d * K d * CO. 15 X 803 to CO. 15 x 2003 mm = 3mm to 30mm 

m P w 

y » y .% jO a O. 3 p to 0. 0 p = 300 to 900 kg m~®. 

* m * ¥ "m 'ho 'ho ^ 

2 2 


and entry velocities should be scaled according to Froude Criteria, as 
for plunging Jet. 

11.2 mathemati cal modelli ng 

Recent efforts in the mathematical modelling of secondary 
steel making processes have largely concentrated on turbulent 
recirculatory flows. Such flows play an Important role in determining 
the rates of various transport processes such as slag-metal reactions, 
alloy dissolution, mixing and so on carried out in the reactor vessels 
Cviz. . R, H. Vacuum degasser, argon stirred ladle. C. A. S. method of 
alloy addition etc. 3. Since direct measurements of flow variables in 
prototype iroetal 1 urgical reactors are difficult and often impracticable 
to obtain Chlgh temperature, visual opacity and large sizes of 
industrial unit essentially preludes this3, recent mathematical 
modelling has tended to precede industrial verification. 

The mathematical models aim at solving appropriate 
differential equations governing the transport of mass, mom 
other scalar flow properties Ce. g. , turbulence kine c en 


partial 

Lum 



mathematical formulation of differ«.r.t »>.v , 

secondar y steel making as well as the K relevance to the 

H are br 1 ef 1 v ^ f methods used to solve the set of 

p.d. e s are briefly described in the following sections. 


11.2.1 The Turbulent Fluid Flow Model 


flow of 


The 

liquid 


relevant hydrodynamic 
are, in vectorial form. 


equations describing turbulent 
the equation of continuity 
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and mo’tiO'ft 
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In Ec| » Cll . p no ss^p^'Ll a.! AcctjuTfiuil Athlon of* licjuid cah occur as UHo 
liquid i» #^fi;#nii Ally in compressible. SimilArly, within Any 
di f f ©r #rit 1 a 1 volume element of* ^Tluid^ the convective terms CAppeAring 
on the lejTt hAnd side ojT Eq. Cll . 401 ) must be bAlAnced by the pressure 
terms the lAmi nAr Ct D And turbulent Ct D viscous sheAr 

i<3fcm turb 

stresses ». And the body £*orce terrn^ jT . The body jTorce term mey 
include the force of gravity Ce.g. , filling ledlesD^ buoyency forces 
Ce.g. , gas stirred ladlesD* electromAgnetic forces Ce.g. , induction 
»tlrring> mnd the like. Solutions to Eqs.Cll.3QD And C11.4D for any 
specific case with appropriate boundary conditions yield the predicted 
velocity field. 


It is readily seen that the velocity field can be extracted from 
Eq.C 11 . 40 Dfr provided the distribution of t in the flow domain is 

turb 

known, as oft^n, t, and f are exactly known for any given flow 

situation. The turbulence shear stress is related to an unknown 
parameter the turbulence viscosity, gradient of the 

relevant velocity component. Consequently, in essence, Eq.C11.40D can 
be visualised to embody the parameter turbulence viscosity and a 

knowledge of the distribution of this latter parameter is desirable if 
Eq.Cll.40:> is to be solved. Estimation of essentially follows 


from an appropriate turbulence model and to this end, the k - c model , 
originally proposed by Rodl and Spalding C3>, has been the most widely 
accepted one. The model has been successful in predicting turbulence 
behaviour of a large number of flow systems. According to this model, 
the turbulence viscosity, » is given by : 
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and is obtained by the solution of twr, 

equations, one for turbulence klnetir> partial differential 

rate of dissipation of turbulence H the other for the 

been applied lor simulating hvdrodvn^,L ^ model has 

steel makirHJ proc erases such as araor, r various secondary 

addition procedure C6:> and so on. ^ irred ladle C4,5D, CAS alloy 

It is instructive to note here th^,+ +k^ 
equations in the turbulence models* are 

flow depends on k and c via p while Vr Cviz. , the 

^turb ^ and e themselves depend 


on 


the flow>. Thus the flow equation together with k and r +• 

constitute a system of simultaneous partial dfrror^Tl i equations 
Further, examination of Eq. Cll . aS? llS InS Jtlf 

are essentially non-linear, Consequentlv 1+ i.? r. 4 ®‘^tiations 

the equations of the turbulence flow model analytically and thus 
numerical method will have to be applied to this end. Moreover iA 
developir^g a m^^d-hod for solving Eq.C11.40D. the real difficulty liis 
in deducing the unkrrown pressure field, since there is no ei^licl? 
equation for pressure. Pressure is indirectly specified via the 
continuity ec|uatior> since, once the correct pressure field has been 
obtained and substituted into the equation of motion, the resulting 
predicted velocity field must satisfy the continuity equation Cviz., 
,C11.393i). However, ways to determine the pressure field constitute 
extremely fascinating area of research where significant efforts 
have been ongoing for the last two or three decades. It*s Impossible 
to address the relevant aspects of numerical solution of turbulent 
Navier - Stoks equations CEq.Cll.40:) during this short time and hence 
for necessary appraisal of the subject interested readers are referred 
to the well acclalrwd text book of Patankar C7D. 


Eq. 

an 


11.2. a Model of Single Particle - Liquid Interactions 


The hydrodynamic interaction of a solid addition with a 
liquid is of major concern in secondary steel making operations. For 
instance, the hydrodynamics of projected lumps of ferro-alloy 
additions etc. . into filling ladles of steel is of interest, in view 
of the large tonnage used in the primary conditioning of raw steel and 
thel r critical role in determining the chemical characteristics, or 
grade, of each heat of steel. One is therefore interested in 
understanding how and where the solid being projected into the bath 
moves as a function of time. Such information coupled with data on 
uniting and dissolution kinetics, chemical reaction rates etc. are 
needed before a clear understanding and appreciation of these 
operations can be gained. 

A macroscopic approach based on Newton’s second law of motion can 
be adopted in determining a projected addition’s subsurface motion 
through a liquid from first principle according to : 

^ CHU^y •» E F .. .11.42 

Equation C 11 . 253 . for the trajectory of a spherical object in 
translation through a fluid can also be described as C83 : 
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is the 


instaniAneou!* Vf'^locity of tho sphere while U is the relative 
velocity b«ftw<-«*r» th^ p^^rtlcle and the bulk flui^. It is through the 
dr&q force term CF U 5. that the fluid’s motion the vessel exerts an 
influence on thcr trajectory of submerged particles. Obviously, the 
distribution of flow parameters within the vessel must first be 
specified, before subsurface trajectory of alloy additions can be 
predicted via Hq. Cll . 43j, FurtherwKsre, it is readily apparent that 
the initial condition to Eq.Cll.43!} and the hydrodynamics of the 
vessel will cliaracterise one alloy addition procedure from another, 
though the subsurface trajectory for different physical situations are 
essentially governed by Eq. Cl 1,43}. 

11.2,3 Model of Mlxlrm or Dispersion In a Recirculating Flow Domain 


Hrernral. particulate or liquid mixing phenomena are 
essentially gover rted by similar p.d.e's and these, in terms of a 
general variable , can be represented according to : 

^ + 9.CU^} e 7.cr grad ...11.44 

In which, U is the velocity, F is the turbulence exchange coefficient 
C « eddy kinematic viscosity} and S . is the source term Cof 
generation or depletion}. Because of the coupling of Eq.Cll.44} with 
the flow and t.urbulence. it is implicit that the distribution of U 
and r in the flow domain must first be known, before Eq. Cll . 44} is 
solved for 4> » the dependent variable. Referring to Eq.Cll.44}, it 

is seen that if <p * M , F » D Cthe eddy deffusivity} and S = O, 

K W 

then Eq.Cll,44} would essentially dictate the conservation of a 
species ’i' in a differential volume element and hence on solution 
would provide the distribution of the species in the flow domain. Thus 
the specific meaning of 4> C temperature, concentration etc.} depends 
on the prescription of as well as on the imposed initial and 

boundary conditioris to Eq.Cil.44}. 


11.2.4 


Case illustrations 


Ca} Axi symrmetr i c gas stirred ladle systems 

Equa t i ons C 1 1 . 30} through C 1 1 . 44} together wi th 
associated boundary conditions can be solved numerically o 
estimates of nurrwsrrous phenomena Cflow, turbulence, a oy m , 
mixing or dispersion etc.} of Interest to the steelmakers, ^i- is 
particularly important since experimental 
temperature steel processing ladles are imprac ^ 

provide serious threat. Indeed empirical study a .. 

optimization would require several thousand ^ J;;® . _ . . 

required informations can be conveniently deduce v a 
models presented already. 



Consld«-r t.hM€*fore. the solution of Eqs.Cll .395 and Cll 405 in 
conjunction with the k - £ turbulence model for industrial aas stirred 
ladle system*- Assuming that, the distribution of F, the body force 

generated via git*- injection Cviz. , the buoyancy force5 is known 
within the flow domain C45, the fluid flow equations can be solved 
conveniently to derive the flow characteristics of gas stirred 
systems. As a typical example of the model’s capabilities in this 
respect^ predicted r eci rculatory flow field generated in typical 150 
ton teeming ladle Cviz. , Table 11.15 at a gas flow rate of 0.0188 m^/s 
and 50 pet. lance submersion are presented in Fig. 11. 4 . The predicted 
velocity field clearly shows the strong recirculatory vortex 
characteristic of the axi symmetric gas injection system. As seen, 
plume velocities of about 1.1 ms would be observed and steel flow 
down the side walls would exhibit velocities of approximately 0.35 m/s. 

Similarly, Table 11.2 presents the numerically calculated average 
reci rcul at.i on !s.i:»eet.i , 0 and the average plume velocities, U as a 

function of fractional depth of lance submergence. 

IlS « 


These ar e def i ned 
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Although the flow patterns generated in these cases are very similar, 
one can note that increasing the lance depth by 20 to 25 pet. causes 
liquid steel recirculation rate to increase by about 8 to 15 pet.. 
This in turn is expected to enhance the associated rate of heat and 
mass transfer in the gas stirred system. 


CbD Ttie C.A.S. alloy addition procedure 

Steel flows generated in a 150 ton C.A.S. ladle at 


a gas 


flow rate of 0.0188 m^/s are presented in Fig. 11.5. Marked differences 
with equivalent flows in central gas injection Cviz. , 
readily apparent. The flow field in Fig- 1 /- 5 /wo 
recirculating vortices that are characteristic 

As cm foe sc^en pi umm v#iociii#s would foe afooui ^ ^ 

flows of steel along the vertical side walls would t’e about 0. 05 m/s^ 

It is, however, interesting to note that as hi ah as 

the central refractory cylinder would «^i/^ with 

0.5 m/s. The high tmmentum of outward , ero«='ion of 

this high velcx:lty can be expected to cause present a^ source 

the refractory cylinder lining. This, in turn could r p 
of Inclusions. 



5 


shows 

S. 


f'iow fields 


Fiaure 11 

conditions in n. C, A S. l*dle with a taper ^of *' 5®^^ tanir^H 
vertip^l cyllndric*il walls being more typical of indu='triai^nr^^+ s 
Two points worth noting here are. firsf . ^ ^ 

recirculatir^n -/one near the Junction of the surf ace"*”!^!^ the°?'^5^'^ 
side wall 5. ar»d second, the lower position of the recirculatin!^ 
in the bulk compar>‘d with previous predictions in 1 vertical 
cylindrical ladle. Hrese differences essentially re^'ult from thie» 
inclination of the side walls, even though this is onlv 5*^ tsf 

the overall nature of flow pattern in this case is practically 


less 


equivalent to those in vertical cylindrical wall ladle. 


Predicted trajectories Cvia. Eq.C11.43:)D of four tyoical 
spherical additiorrs C8S mm diameter) CAl. Fe-Si , Fe-Mn and Fe-Nb) in 
the cylindr ical IfrO ton C. A. S. ladle is shown in Fig. 11. 7 These 
clearly show t.hai buoyant additions such as A1 and Fe-si would 

instantanec^usl y resurface and vcould proceed to melt within the central 
slag free* region under inert atmosphere. Further more, the presence of 
high velocities coupled with enhanced bath turbulence would promote 
melting arid di ution rates of such buoyant additions 

consider a bl y, 1 1 is clear that the initial steel shell around the 
additior» wc»trld melt back arrd release the molten alloy content into the 
inert slag free region, which will be then gradually dispersed into 
the bath. As nwnttioned in ch.e, one should note that melting times of 
there buoyant additions are only a fraction of complete alloy mixing 
times. 


Ferr otnangarrese and additions with similar densities, on the other 
hand, may under go subsurface ni»lting, rather than melting within the 
central slag free region. Similarly, they may fall out of primary 
recirculating loop into the bulk of the liquid steel, and then 
gradually float up to the slag-metal interface. If the alloy’s content 
is released from within the steel shell, in the vicinity of the 
slag-metal interface. It is clear that a portion could react with any 
oxidizing slag present, leading to a poor recovery of such additions. 


Heavier additions such as ferro-niobium will settle to the bottom 
and only then gradually nwlt and be dispersed. However, since the 
bottom pari of the ladle's contents is relatively quiescent, such 
additions will typically experience considerably longer mixing times. 
First hand calculat.ions indicate that about 600 seconds of dissolution 
time is required for 85 mm dia spherical particle Cch. 6). One further 
notes that such additions after a prolonged dissolution times takes 
about 400 secornds Ce.g. , Fig. 11.8) to become completely dispersed into 
the bulk steel , 

Dispersion behaviour Cdeduced via Eq. 11.28) of moltgn additives 
in a ISO ton C. A. S. ladle at a gas flow rate of 0.0188 m /s is sho^ 
in Fig. 11, 8. At this gas flow rate, about 400 seconds bubbling is 
needed to disperse the dissolved additions homogeneously within the 
bath. Further more, it can be seen that the rate of transfer of 
dissolved addltlorrs from the central baffled region to the slag metal 
interface Cviz. . mixing curve for region O is extremely siuggisn^ 
Consequently, such addition techniques have the potential or s o g 



fading and in Improving recovery rates 
aluminium and ferro-sllicon C4,6D. 


of buoyant addi ti ons 


such as 
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Table 


11.1 Characteristic of a full scale system and the model 



Full Scale 

150 Ton Teeming 
Ladle 

Model 

0. 30 Cyl i ndr i cal 
Tank of PI exi gl as 

Height, Cm, as filled!) 

3.04 


0. 93 

Di ameter . C m) 

3.65 


1.12 

Nozzle diamej-er. Cmm) 

20.38 


6. 35 

Gas flowrate , Cm a"*) 

1.88 X 10 "^^ 


6. 8 X lO"* 

Li qui d 

steel 


water 

Corr«&c‘t<&d Lo m#Ari h#igh’t 

and temperature of the 

1 i qui d 



Table 11,3 Variation of average plume velocity and average bath 
recirculation speed as a function of fractional 
depth of lance submergence 


Fractional Depth of 
Lafice Sfubmergence 


Average Plume Average Bath 

Velocity, m s* Recirculation 

Sp&&di a m s 


0, 50 

0. 92 

0. 75 

1.06 

O. 05 

1.14 


Vessel diamet^ 3. 6S m, liquid depth = 3.04 m, 
= 1.88 X lO""* m®*"'*- 


O. 136 
0. 156 
0.167 

arid gas flow rate 




Fig. 11.2 s Typical alloy addition 
practice in ladles 
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tH*0 ion l«dl# during 
C • A. Si*'* op# r t i on 


Flow field induced in a 150 ton 
ladle with 5^^ tapper during 
C. A. S. operation 
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CHAPTER 12 


MISCELLANEOUS TOPICS 


A. GHOSH 


Attempts hav® b®®n ' made in this course to organise subject 
matters into several distinct topics in the previous chapters. However 
it was found that this is not completely possible. In view of limited 
time available in the course as well as importance of some other 
topics in addition to all those presented in the previous chapters^ it 
was decided to incorporate some miscellaneous topics of importance at 
the end as presented below. 

12.1 GAS ABSORPTION DURING TAPPING AND TEEMING FROM SURROUNDING 

ATMOSPHERE 

It has been known from as early as 1050s that oxygen is 
absorbed by molten steel during teeming from the surrounding air. From 
then onwards many investigators have reported it. McLean and 
Sommer ville Clj have reviewed this recently. Since the oxygen is 
picked up just before casting^ the resulting inclusions do not get 
separated well and lead to additional dirtiness in the solidified 
steel. The problem is more serious in continuous casting because of 
faster freezing and consequently less time available to Inclusions for 
floating up. It is of relevance to ingot casting as well if we wish to 
produce clean steel. 

It has been found that the product of such reoxidation 
generally forms macroinelusions Cabove 100 micron or soj which are 
harmful to the properties of steel. Also they are richer in iron and 
manganese Thxides. Extent of oxygen absorption during tapping is of the 
order of lO-SO ppm C2j whereas it exhibits a wide range of 10-1000 ppm 
Ci.e. 0.001-0,1 pct.j during teeming depending conditions. 


Therefore it has been widely accepted that if we really 
desire clean steel, especially in continuous casting the teeming 
stream ought to be shielded from the surrounding air by inert gas. 
This is known as stream protection and is a widely adopted practice in 
continuous casting. It is rarely practiced for ingot cast! ng because 
of adverse cost-to-benefii ratio. Therefore it is important to 
understand mechanism of such absorption and the var a es a 
influence it so as to minimize it in industrial practices. 


pi ck up , but 


i s 
40 


Nitrogen pick up is much slower than oxygen 
significant too. During tapping nitrogen pick up may be as l^rge. a 
ppm C3> and during teeming it may go up to ISO pp • 

rLxidation also takes place from ferrous o^ de/si li cate slag 

coating on ladle refractory lining. However this 

subject . 



12.1.1 Mechanism of Gas 4 ^ .. 

Com„.„“ Absorption Ihp-lng Pouring of Liquid . 

(^O'm^Lr i cal 1 y SDaakinn + k^i 

freely Into a pool of the sime li liquid stream falling 

alAmosph^re. As 
gas can *take 


i nio 

shown i n 
plac» CI4!>. 


“rr through a gaseous 

Fig. 12.1 schematically, the absorption of 


Ca:) through the surface of the falling stream, 

Cb5 at the surface of the pool, and 

Cc:) via entrainment as bubbles inside the molten pool. 

Theoretical analysis as well as experimental work with water 
model have shown that the last mechanism, viz. absorption via 
entrainment is the predominant one. Szekoly C 5 D theoretically 
estimated the extent of oxygen absorption by a stream of molten steel 
from air during teeming. He assumed the stream to be laminar and 
smooth, and that the air gets dragged into the pool of liquid steel by 
frictional drag at stream surface. The entrained air forms bubbles 
inside the liquid metal pool and all the oxygen from such bubbles are 
absorbed by nnetal . Szekely calculated the oxygen absorption CAOD as 
26. S ppm using Industrial data. These agreed well for laminar streams. 

However many investigators C13 found very large quantities of 
oxygen pick up and these were ascribed to turbulence and rough 
surfaceof stream. Therefore, here we have a situation where the 
physical characteristics of the stream is of considerable importance. 
In addition it was found that under certain circumstances the stream 
becomes unstable and breaks up into droplets. Such droplets increase 
the specific surface area of liquid metal enormously and lead to 
significant absorption of gas even before the teeming stream plunges 
into the liquid metal pool . Kumar and Ghosh C4!) carried out a cold 
model experiment where water simulated liquid metal and CO simulated 
air. They found that the rate of absorption of CO by water increased 
by an order of magnitude when the falling water s€ream disintegrated 
before plunging into the pool of water. Extensive oxygen and nitrogen 
pick up in fraction of a second during free fall of droplets of liquid 
iron have been experimentally measured CID. 

Meaningful experiments for understanding of mechanism are very 
difficult with liquid steel. Therefore investigators carried out 
experiments with water models Cl, 43. In such experiments visualization 
of the stream and the pool, still as well as movie photographic 
studies have been done. In addition rates of entrainment of air as 
well as rates of gas absorption have been determined. 

Since gas absorption increases very significantly if the stream 
breaks up as droplets, prediction of conditions under which the stream 
is expected to break up before plunging is an important issue. It has 
been observed that, if at all, it breaks up only at a distance from 
the nozzle exit. This distance may be designated as stream break up 
length Cl 3. Actual break up takes place if H > 1 , , where H is the 
height of'^the nozzle exit from the surface of liquid pool. It has been 
established that 1 depends upon nozzle geometry Ci.e. length/diameter 
ratio of nozzle et^. 3 . teeming rate, and motion of fluid in the tank. 



iha* 

and 


Ac’LuaI, 1 y ss’Lr^Ami Has soin<& 

)riO!2i z 1. <0* • s td«ijir*)biA’i.»iorTi ofcsrlj s 

#v-driiuAlly l#Ada to bri&ak up. 


p^yrhurbAbi on when it, comes out, of^ 
accent uAted during its free fall 


Perturbation theory has been used to analyse the situation C6^. A 
very important conclusion is that thinner stream at low velocity tends 
to break up most easily, i . e. one characterized by low value of 1 
Experimental observations confirm the same. However the conclusions 
should not be generalized as the data have been obtained over a 
1 i mi tQfd c ondi t i on * 


A numb#r of watar modal studies directed their attention tb 
mechanism of gas entrainment by rough and turbulent stream C1D> and a 
general picture has emerged. With increasing velocity of the stream* 

^ e Vo 

the stream f^eynold s no* CKe ^ 3 increases. Above a certain 

value of * the stream starts to ^ exhibit turbulence. Level of 

turbulence* i * e. intensity of turbulence of the stream is one of 
the key factors* It has been proposed that there are 4 distinct 

mechanisms as follows CID. 


Ca3 At very low ft# smooth* laminar stream as Szekely assumed 

C B> * • 

C At higher Re stream surface becomes rough* but the surface 
of the pool remains reasonably smooth with a nice vortex at 

pi unge poi nt . 

Cc!> At still higher Re both stream and pool surface become 
rough and iho INDUCTION TRUMPET Fig. 12. 12) i . e. the cavity 
around the plunge point, has violent boil like motion. 

Cd> At still higher Re^ stream break up takes place. 


It has also been established that the wavy nature of roughness 
of the stream surface drags gas pockets along with it. Mechanical 
Interaction at the plunge point on liquid pool surface leads to 
entrainment. The rate of entrainment becomes one or two orders of 
magnitude higher under this condition. It has been found that the rate 
of entrainment increases with increasing v^ and H, and depends upon 
nozzle geometry etc. Some quantitative relations also have been 
pr oposed C 62> . 

Assuminq 100 pet, absorption of gas from entrained bubble, the 
fractional iLrease of gas content iti liquid CACG33 is given as 

.,G, = ...12.1 


Where p and p are densities of gas and liquid respectively, v^^ is 
volumetric rate'^^of gas entrainment, v^ is volumetric liquid pouring 


Choh et al Ca,3D applie<d the above equations f or esti i^ti on of 
oxygen absorption during teeming as well as tapping from converter 
utilizing alTo the theoretical analysis and experimental results C6>. 
•Ih,y h.v® pr.par.d nopogr.phs for predicting oxygen absorption during 



ieeinlng and tapping. 
jsigr««w>®rit with axpar 


Thfty have also shown that 
roental data of some other 


these are in reasonable 
i nvesti gators . 


Regarding nitrogen, it has already been mentioned that the rate 
of absorption is lower than that of oxygen, but significant pick up 
occurs during tapping and teeming. Pehlke and Elliott C7:>, in their 
pioneering laboratory investigation on rate of nitrogen absorption and 
desorption by liquid Ihon found that the rates were retarded 
significantly if the melt contained dissolved oxygen and/or sulphur. 
Fig-i2. S shows variation of apparent rate constant Ca measure of rate!5 
as function of oxygen content of melt, as an example. They explained 
their results in the following way. Dissolved oxygen and sulphur had 
already been found to lower surface tension of liquid iron, i.e. they 
are surface active and prefer to segregate at the surface layer of the 
melt. Pehlke and Elliott proposed that such blockage of surface by O 
and S atoms were responsible for lowering of rates of nitrogen 
absorption and desorption. Since then many investigators have worked 
on it and the above findings and interpretations have been confirmed. 


Tlierefore, nitrogen pick up during tapping and teeming is 
expected to be more in deoxidized and desulphurized melts. It has been 
confirmed by data Cl,3!5. Sommervllle CID found nitrogen pick up during 
free fall of droplet of molten steel through nitrogen atmosphere 
decreasing with increasing wt.pct. S in melt in a manner similar to 
that shown in Fig. 12. 2. Fig; l2. 3 C3Z> shows how nitrogen content in 
steel increased during tapping from an 80t converter. Again the 
retarding effect of oxygen is evident. The calculated values assuming 
100 pet. absorption were -40 ppm, which matched with converter data at 
very low oxygen content, but not in heats containing higher wt.pct. 
oxygen . 


Very little information is available about the influence of 
physico-chemical processes occurring inside molten steel on mass 
transfer controlled absorption during pouring of liquid except that by 
Kumar et al C40. It is also likely that presence of strong oxide and 
nitride forming elements such as Al , Ti would influence the pick up. 
However informations in literature in this connection are yet to 
searched. 

Not much information about absorption of hydrogen from atmosphere 
in teeming could be located in literature. Hydrogen pick up occurs 
presumably from atmospheric moisture vide the reaction : 


H.^OCg3 = 2H + O . . . 

Therefore the extent of hydrogen pick up would increase with increase 
in partial pressure of moisture in the atmosphere as well as decrease 

of O in melt. 


From the point of view of process control in industry. ^ 

minimize pick up of gases during tapping and teeing, especially 
during teeming into mould. Best, of course, is shielding the stream 
from iir by argon or nitrogen. Submerged nozzles have 

continuous casting of steel. Studies on entrainment mechanism suggest 



that the primary attention is 
above the plunge point. 


to be given to protecting 


*the 


regi on 


Camt conci derations: do noi jx 

rr^ 4 V^ 4 4 X . always permit adoption of shielding. 

>!? Stream should be continuous Ci.e. no 

breakup^ a d it should be as smooth as possible with low turbulence. 
How it can be achieved «^y be worked out from our understanding of the 
phenomena involved as discussed in this section 


12 . 2 


INCLUSION MODIFICATION 


Chapter 7 has presented fundamentals of deoxidation and clean 
steel technology. It has already been stated there that inclusions are 
mostly oxides and sulphides.' and sometimes oxysul phi des . Inclusions, 
especially larger ones are generally harmful to properties of steel. 
However it is not always so. Small inclusion particles inhibit grain 
growth and also help equiaxed crystal formation with consequent 
improvements in properties. 

Recognizing that, first of all. it is not possible to attain a 
high degree of cleanness from techno— economi c viewpoint and. secondly, 
some inclusions of small sizes are beneficial, industries now— a— days 
go for modification of inclusions for some special grades of steel. 
The principal agent is calcium and occasionally Rare Earth elements 
CRE5 for this purpose. Additions are made in secondary steel making 
ladles. However, benefits from inclusion modification can be obtained 
only when the liquid steel has been well deoxidized, desulphurized 
Csulphur far below O. 01>O C8,Q,10:), and the steel is fairly clean. 

12.2.1 Influence of Inclusion on Properties of Steel 


Extensive informations are available in literature on this topic. 
Only a few are referred to here C8, 11-1 43. Properties that are 
adversely affected are fracture toughness, impact properties, fatigue 
strength, hot workability, resistance to corrosion. The factors 
responsible for the above may be classified into: 

Ca3 geometrical f actors-size. shape Cmay be designated as the 
ratio of major axis to minor axis3. size distribution, and total 
volume fraction of inclusions. 

Cb3 property factors-deformability and modulus of elasticity at 
various temperatures, coefficient of thermal expansion. 

From a fundamental point of view, an inclusion/matrix interface 
has a mismatch. This causes local stress concentration around it. 
Application of external forces during working or service can augment 
it. If local stress becomes high then microcracks i.e. voids, develop. 
Growth of voids leads to fracture. 

The concept of critical inclusion size proposed by Kiessling C113 
has already hZn presented in Sec. 7. 3. Broadly speaking, it is in the 
range of S to 50 microns. It decreases with increase in yield stress. 

The great majority of oxide inclusions belong to the 



ps:«rudo"t®rnary eyst^m : 

and B iss A1 , CY , FoC III!) . 
solid solutions of ih® 
F®CII> or C*. 


AO-SiO -B O where A is Ca.FeCII^. Mg and Mn, 
The Bulphiae inclusions are usually MnS or 
CMn.Me:) CS.05 type. Me would be typically 


Very often the inclusion is a duplex one. the core consisting of 
one compound and the outside layer of some other compound. Examples 
are sequential formation of alumina. galaxite. and manganese 
alumi no-silicate by reoxidation of aluminium-killed steel or coating 
of CaS on calcium aluminate in Ca— treated aluminium killed steel 
CO. 11 ,15.163. 01 vision into exogenous and endogenous is also too 

simplistic. It is well-established that precipitation of 
oxides/sulphides occurs on both exogeneous and endogenous inclusions 
in the melt or upon subsequent cooling and freezing of liquid steel in 
the mould. Inclusions may undergo further reactions as well. The 
subject of inclusion formation is incomplete unless we consider also 
the phenomena occurring in mould, which are : 


C13 
and Cii3 


further reactions of elements with oxygen and sulphur during 
freezing loading to formation of oxides and sulphides, 
entrapment of non— metallic particles during freezing. 


However this is beyond the scope of the present text. 


Although the solidification morphology of inclusions is of 
importance in steel castings, the morphology of inclusions in wrought 
products is largely controlled by their mechanical behavior during 
subsequent steel processing, i . e. whether they are hard or soft 
relative to the steel matrix. Fig. 12. 4 shows behaviour of some 
inclusions during rolling of steel C03. The oxides are hard, whereas 
the sulphides are less hard. ^ ^ CaO. 7A1 p 3 particle being hard 

Ci.e. undef ormabl e3 and large, *gives rise to void during rolling. The 
stringer, especially MnS stringer, causes anisotropy in mechanical 
property and is responsible for loss of transverse and 

through-thickness ductility in plates. Advantage of a duplex inclusion 
with CaS-MnS coating is obvious from above points of view. It is 
harder than MnS. 


Stresses arise "around inclusions as a result of their thermal 
expansion coefficients, which differ significantly from that of the 
metal matrix. Metal manufacture involves heating and cooling and hence 
this aspect is Important. For example, alumina and cal cl urn alumi nates 
are stress raisers due to their lower coefficient of thermal expansion 
as compared to ferritic matrix Cl 23. 


In materials where surface properties are important, such as good 
surface finish, surfaces for coating etc. . Inclusions ha ve^ adverse 
effect. Moreover there is considerable evidence that non metallic 
inclusions, particularly sulphides can act as nucleation si es or 
pitting corrosion C83. 


In free-cutting steel, sulphur is to 

generate large MnS inclusions which act as chip breakers, and 
provide lubricating film between tool and chip. However silicates and 



aluminat«»s arc* harmful because they are Kar-H ^ 

contributing to tool wo»r . !„ a™ .1 .o r i T , abrasives 

ba banaflcla). Enoapaulallon of oxld“ bi CaS llaS tin" 
breaker action at much lower sulphur content CO.iy. or lessD 

This the additional advantage accruing from better mechanical 

prop^^rties oi steel. 


12 . 2.2 Reaction of Calcium 


Thermodynamics of reaction of calcium with oxygen and sulphur has 
been discussed in chapters 7 and 0. Thermodynamics has also provided 
very valuable guidance in understanding and prediction of* formation of 

various types of inclusion. 


Phase diagrams of oxide > sulphide and mixed oxi de—sul phi de 
systems have allowed ascertaining of liquid fields and various 
compounds that are likely to form, Hilty and coworkers C15D used 
metal ""Sul phi de‘*"Oxi de type ternary phase diagrams to explain formation 
of i nc 1 usi oris « However these provide only qualitative understanding. 

For quantitative predictions chemical equilibrium calculations 
have been resorted to C8-“i0!). For example^ such calculations indicate 
that MnS would precipitate as a separate phase only when 

IW 3 CW 3 > 2 . . .ia.3 

Mrs m 

For most steels the Mn and S levels in steel are not high enough for 
MnS formation in thenbulk liquid. However as the steel solidifies^ Mn 
and S are rejected from the solid steel causing an increase in their 
coneentrati on in remaining liquids and ultimately condition noted in 
Eq,12.3 is obtained leading to inter dendritic MnS inclusions. 

So far as formation of duplex inclusions Ci.e.C ^with sulphide 
ring in Fig. 12, 4> is concerned » analysis of the following type may be 

made. 


12 CaS + 11 A1 O =12 CaO. 7A1 O + 12 S + 8 A1 ...12.4 
a a 2 a-*- — 

If CaS and C A ara traatad as pure, then their activities are 
1. Activity of A1 *6 Is taken as that in A . In that case, from 

Aff’ of reaction 1§. 1 and other thermodynamic data the relationship 
shown in Fig. 12. B has been constructed. Holappa et al C103 carried out 
experiments in laboratory and determined inclusion types. Their data 
points for CA type inclusion matched well with thermodynamic 
predictions. 


When 
first Ca 
resulting 
then CA 
appr ox 
CaS or even 
will form an 


calcium is added to Al -killed steels, it is predicted that 
would react With oxygen in liquid steel to form CaO. Il.e 
CaO would react with Al O progressively forming CA first, 
and C A . The last one fs“llquid. CA is also a liqufd above 


1 61 0'^cf® Further addition of Ca would next lead to formation of 
CaS-MnS Cin this case activity of CaS is not ID, wh c 
envelop. It has also been experimentally confirmed CIOD. 



Alumina clu&ters have been found to be responsible for nozzle 
clogged during teeming in continuous casting mould. Formation of 
liquid CaO-Al^O^ or CaO-SiOj^ -A1 O 3 deoxidation products eliminates 
this problem.^ According to Kitamura et al C165 it is not always true 
that CCa.MnJS forms envelop over calcium aluminate. CaS has been found 
to b® dispel" sed as well. E)epending on concentration levels of elements 
the following 4 types of inclusions were obtained. 

A~ type : Oxysulphide containing Ca,Al,0 and S distributed 
throughout inclusion 

B-*~ type ; CaO~Al^C^ having a ring of CaS around it 

C~ type : CaO"Al O 

■■ ■ — C — 2 B 

D“ typ e : CaS 

12.2.3 Reaction of Rare Earths CO, 15, 17, IS) 

A brief mention was made in ch. O on reaction of Rare Earths CRE). 
Cerium is the most predominant element in Mischmetall or RE silicide 
which are the commercial forms in which REs are added into melt. It 
has already been mentioned in ch. S that CeS is the stablest sulphide, 
and Ce also forms an oxysulphide under steel making conditions. 

The stability diagram for Ce-O-S system in liquid iron is shown 
in Fig. 12. 8 C17). It shows the stable phase fields at various values 
of h and h^ Ci.e. approx, weight pet. O and S dissolved in liquid 
steef > . It may be noted that, under conditions prevalent in secondary 
steelmaking Ce O and Ce O S are the compounds likely to occur. 

RE consists of about 50>i Ce, 25% La and the remainder Pr,Nd etc. 
Hence, % RE is taken as 2 xC%Ce). In liquid iron at 1600 C, the 
following equilibrium relations may be employed for calculations. 


for 

RE 0 , 

s » 

tw 

as 

j t 

£W 3® = 

Q. 4 X 10 

. . . 12. 5 

for 

Ce 0 S, 
a * 

£ W 

o* 

3* 

£W 3® 

0 

[W 3 = 4 X 10 

• 

... 12. 6 


and for CeS, 


£W 3 

< 5 * 


. . 12. 7 


During cooling RE oxysulphides form continuously such that there 
is a fine dispersion of hand nondeformable inclusions. In order 9 

desirable results, however, the steel should be very we eox 
and desulphurized before addition of RE. 

Following practical problems have been encountered in connection 
with RE addition. 


Ca) Since densities of RE i 
liquid steel, floating out is more 
bottom cone segregation in ingots. 


ncluslons are similar to that of 
difficult. This may lead to adverse 
It has been found that to avoid 



this AS w#l 1 AS "Lo obt.Ai n sulphide shape control 


It is clear that these two conditions 
less than 0,01^ . 


C W 3 

>3 ... 13.8 

a 

can be satisfied only if W 


is 


Cb? RE is very reactive. Unlike Ca. it has good solubility in 
molten steel and does not vaporize. Hence it tends to react with 
refractory lining* atmospheric air etc. thus producing adverse 
effects. Hence very good quality basic refractory lining should be 
used as ladle lining Cvery low PeO,MnO* and relatively low SiO 5. Also 
extensive precautions are required to prevent reoxidation of *REs by 
contact with atmosphere and slag. 

12,2.4 Concluding Remarks 

As is obvious from previous discussions, inclusion modification 
is capable of bringing improvements in properties so desirable in high 
performance steels. However it is a challenging task from processing 
point of view. Molten steel is to be fairly clean and well deoxidized, 
desulphurized before additions of Ca or RE is made for modification 
purposes. Amongst the two again, RE treatment calls for more 
precauti ons. 

Reoxidation by contact with atmosphere in ladle or during teeming 
is to be prevented. For this, stream protection is a must. It is also 
not possible to obtain either a clean steel or benefits from inclusion 
modification without good quality refractory lining for ladle, 
tundish, nozzles, stoppers and slide gate plates. Therefore the 
success of secondary steel making would not have been possible unless 
newer and newer refractory materials with better and better 
cor rosi on~erosi on resistance were also simultaneously developed. This 
will be briefly dealt with in the next section. 

12.3 REFRACTORIES FOR SECONDARY STEELMAJCENG 


Importance of refractories to steel making processes is well-known 
to all steelmakers and needs no elaboration. The success or failure of 
processes is closely linked with development and/or choice of proper 
refractories for lining furnaces, ladles etc. Hence it is only proper 
that a section is devoted to it. However it is to be recognized that 
the subject is complex. Optimization of refractory practice in a shop 
is achieved with continuous operating experience, and • That is 

the reason why there is a large body of information in literature on 
refractories for steel making, but most of these deal wi th shop Tloor 
experience and related developmental work detailing successful 
Since it is neither possible nor desirable 
this course to get into such details, the brief 

"to some sa.lien't Tea'tures only. At, t,ne 
being provided Cl 8-225 for 


practices, 
purview of 

that follow will be restricted 
outset some general references 
convenience of readers. 


wi thi n the 
di scussi ons 


are 



Up to decade of 1850. secondary steelmaking did not make much 

headway. Refractories for ladle lining used to be fire clay with some 
variatlc>ns. Scientists and technologists were carrying on development 
work in connection with primary steelmaking only. Life of lining is 
principally gcjverried by corrosion-erosion. Corrosion refers to 
chemical attack. In primary steelmaking, the highly oxidizing slag is 
the principal corroding agent followed by oxygen dissolved in liquid 
metal. Erosion refers to 'spalling and detachment of grains and pieces 
of refractories caused by abrasion and impact. Corrosion and 
consequent weakening Ci.e. looseningl) of refractory surface speeds up 
erosion. Bath turbulence causes impact. Thermal shock is an additional 
factor aggravating spalling tendency. 

In LD converter, the refractory material is burnt dolomite or 
magnesite or a mixture of the two in some proportions. Bonding is by 
tar or pitch. The practice varies from country— to— country. Etolomite is 
cheaper than magnesite, but tends to wear faster. Again SiO and other 
impurities are harmful. Pure magnesia, manufactured from^sea water, has 
proved to be superior to natural magnesite but is more costly as well. 


The tar or pitch, after firing leaves carbon as residue. This 
retards slag attack in the following way. 

Ca3 Slag does not wet carbon. 

Cb> Carbon reduces iron oxide in slag, which is the principal 
corroding constituent. ' 


Therefore, it is necessary that the surface layer of refractory gets 
decar bur i zed first for significant slag attack. Such a decarburized 
layer is very thin Cl mm or lessD. 


Besides chemical composition of refractory lining, its porosity 
is an important factor in slag corrosion. A porous brick offers more 
surface area speeding up slag attack. From this point of view graphite 
is better than tar or pitch since the former is denser than the carbon 
residue of latter. Moreover graphite is more crystalline than the 
residue. More crystallinity means less defects and hence more 
resistance to chemical attack. However , here again the issue of cost 
is coming into picture. Dense materials are more costly. 


Chesters C183 has mentioned that resistance to slag corrosion is 
a difficult property to measure, and in the area of converter 
steelmaking simulated tests are preferred. It is nothing bu & 
comparison with some brick taken as standard, whose erosion ra e s 
arbitrarily assigned a value of 1.0. Remits o 

after Kappmeyer and Hubble C233 may be of n eres . ^ >ir> 

beneficial influence of increasing MgO content of 

erosion rate. Fig. 12. 8 shows the beneficial effect of incr g 

carbon content in brick. 


It had also been long recognized that there 
governing liming life of steel making vessels, such 


are 
as : 


other factors 


Ca3 technique of bonding and brick making 



C i-ctcfinl c[u® of brick laying 
CcI) design 

Cdl ofrtrrating conditions 
C« maintenance of lining. 


In primar y stool makinq, choice 

. K^, Mr.* design of refractory lining is 

governed by lining life «„d Its impact on overall steeljking cLt. 

However in secondary sleelmaklng. we are additionally concern^ with 

Its effect on steel quality, cost of ladle heating etc. as illustrated 

by th# following discussions. 


Ca> Chapter 7» sec. 7. 3 has a table showing the findings of 
Pickering that products of erosion of refractory contributed most 
significantly to harmful inclusions of large size This behaviour 
pattern has been widely recognized. In section 13.2.4. it has been 
mentior>ed that without good quality refractory, not much benefit can 
be obtained from inclusion modification. 


C b.) Refractory lining may assist in removal of deoxidation 
products, if the latter gets chemically bonded on to it. Mention has 
been made in chapter 7 of the investigations made by Nakanishi et al 
in this connection. In injection metallurgy, dolomite lining has been 
found to lead to better desulphurization than magnesite lining CG,10>. 
This may presumably be attributed to presence of CaO in dolomite. 

Cc!!> Refractory lining should be stable as well as inert to 
liquid steel. Otherwise it would tend to introduce undesirable 
impurities into the metal. Such tendencies are aggravated by use of 
vacuum and higher temperature, and are specially important for 
superior quality steel. This issue can be discussed fairly well with 
the help of knowledge of thermodynamics and shall be taken up again. 


Cdy Secondary steel making and continuous casting cause 
additional temperature loss of molten steel. Hence higher tapping 
temperatures C often 1700 to 1750**C for alloy steel s5 are required. 
This enhances the tendency for lining wear aggravating the problem 
further . 


CeU From the above point of view, a low thermal conductivity of 
ladle lining is desirable to prevent heat loss by conduction through 
wall. Again a low thermal conductivity tends to enhance spalling by 
thermal shock at the hot face. An interesting development is use of 
higher percentage of graphite C10>4 or moreD which allows 
through-and-through continuity in carbon phase thus increasing thermal 
conductivity. The conductivity again can be made directional by proper 
technique of brick making and by use of flake graphite C245. In 
case heat will flow easily In direction parallel to hot face thus 
reducing tendency of spalling. On the other hand, thermal conduc iv y 
Ih direction perpendicular to hot face would be low. 


Cty L.dl«s r.qulr« pr.h..llng. Ih, h,,t. r«qulr«™.nt c.n be eut 
down If h.,(. cpeelty of the »eterlel is less. Lerge beet <=“P;«ty 
«lso cools the steel more upon pouring and causes more temperature 



loss. 


CtP Porous ceramic plugs are employed for gas purging in ladles. 
Also attempt^ ^ b^ing made now-a-days to pass liquid sfeel through 
ceramic filters for removal of foreign particles. In these 
applicatiorjs. besides wear -resi stance and stability, permeability is 
an Important issue. Permeability can be increased by increasing pore 
diameter and porosity. But then the tendency of penetration of molten 
steel and consequent clogging gets aggravated. In-situ sintering of 
particles and densi f ication is undesirable as it leads to loss 
of permeability. Okawa et al C25I) have discussed some fundamental 
considerations for development of improved permeable ceramics. 


Erosiori of lining by phenomena CaD and Cc!) above is most severe 
in the case of nozzle ► because the liquid metal flows through it at 
high velocity. Tliis not only affects quality but also teeming rate by 
progressive enlargement of nozzle diameter with time. Phenomenon Ch:> 
may lead to nozzle clogging, the well-known case being that by alumina 
clusters preserrt in melt. 


12.3.1 Ther modynamic Considerations of Refractory Stability and 
Inertness 


Fig, 2.1 shows the standard free energies of formation of oxides 
as functic^n of temperature. This is guide to stabilities of oxides. It 
shows that, at steelmaking temperatures, CaO is stabler than Al O , 
which i* again stabler than MgO, and so on. Stability of a pure ®oxfde 
can be improved further if it is present as a double compound. An 
example i s Mg , which forms according to the reaction. 

MgO + Cr^O^ = Mg Cr^ ...12.0 

Since AG^ for this reaction is negative. Mg Cr O ^s stabler than MgO. 
Di spl acement of free energy curve as a consequence is illustrated in 
Fig. 12. O C2i::» . 

The displacement would be in the reverse direction if the oxide 

is in contact with the respective element dissolved in liquid steel as 

illustrated by the curve ^ - SiO in Fig. 12. 9. In other words it is 

easier' for SiO to dissociate as follows, 
a 

SiO^CsD * H ^ - ...12.10 

as compared to dissociation into pure Si and oxygen. 

Thermodynamic considerations tell us that dissociation would 
occur 1 f 

CW . 3 CW 3* in melt < IW 3 tW 3* 

m% ^ « M 

i.e. tW 3 tW 3*< K. Ci.e. deoxidation constant for Si:> Csee 
sec. 7.13 


In the event of such 


dissociation occurring, the melt shall pick 



up si 11 corn 
change# ftn 
t. , Si C) 


arid 
Si , 


Thm 

m^-v, rs^-t cause serious composition 
it is a highly deoxidized 
etc* dissolved in liquid 
reactions may be estimated 
, j ^ . . procedure outlined in sec. 7.1 under 

deoxidation thermodynamics. Broadly speaking, a low oxvaen 
in the melt would enhance tendency for such reactions. 


11. e 


oxygen. The pick up may not 
but may do so for oxygen if 
may further react with Al.C.Cr 
possibilities and extent of 


with the herlp of data and 


such 


potent! al 


Hark! et al C26:) in a recent study examined the stability of 
refractor y materials against deoxidized steels. Equilibrium 
calculations were performed. Laboratory investigations were carried 
out by simulation tests at 200g and 50kg scales. Oxygen sensor was 
used to mt.>nl tor changes in dissolved oxygen in melt due to reaction 
with refractory materials. Fig. 12.10 shows calculated equilibrium 
cor.tent for A steel grades and different refractory materials. 
Laboratory tests also demonstrated importance of thermodynamic 
stability as well as flow rate of steel. 

In connection with vacuum treatment of steel . vapourization 
phenomerra require considerations. The vapour pressures of refractory 
oxides ate quite low and need not cause any worry. However reactions 
such as ; 

MgOC s> “ MgCg5 +0 ...12.11 

CmOCay ~ CaCg3 +0 ...12.12 

MgOC*3 + C e MgCgD + COCgiS ...12.13 

would be favoured at low pressures and hence may lead to 
objectionable quantity of oxygen pick up by melt. Similar statement is 
applicable for sub oxide formation such as : 


SiO C»> + C = SiOCgD + COCgD 
s — 


. . . 12. 14r 


However it is to be recognized that in a ladle only the 
refractory below free surface of melt is at low pressure. Way down 
vacuum conditions do not exist. 

It is to be recognized that such problem of reaction is more with 
alloy steels containing stable oxide formers such as titanium and 
vanadi urn. 

12.3.2 Refractories for Secondary Steel making 


With the background informations provided so l^ar ^ brief mention 
shall now be made on refractories employed in secondary steel r^king^ 
Fire clay, which was the traditional ladle refractory ^teri a , 
relatively Inexpensive, possesses a low bulk ^ 

through a nonreversi ble t'ns^^^ respLt 

loin'tsCO^)* How#v#r SiO iniir. y 

to alumlifum killed steel as will as basic "fre high atun^’n^ 

materials of present day secondary s ee g 



C7O-0O% Al^ O •). dolomit®. magchrome. tar-bonded MgO, 
inagchr , Zircor>. In Europe, dolomite is 
th<# rea'^ori*. it. that, It contributes 
in 1 adi *► tCJ.lO.). Tt»i s trend has been 
wel 1 ^ i 0-^ * e!»pec i a 
lorig ladle life. 


di r ect -bonded 
e is most commonly used. Or»e of' 
to more efficient desulphurization 
.. picked up in North America as 

y or injection metallurgy. EJolomite seems to give 


As compared to fireclay, high alumina and dolomite linings lead 
to more temperature loss of melt due to their higher bulk heat 
capacity as compared to fireclay. Dolomite linings if allowed to cool , 
can pick up water from atmosphere causing faster wear and possible 
hydrogerj pick up by steel COD. 

Ri t.za #t al C 1 OD have discussed the recent steel ladle practices 
at Algoma's No. S steelmaking shop. They used fireclay up to 1084, then 
changed ov<»r to high alumina. However at present they are using 
Zircoru wl’d c h is giving ladle life of almost 100 campaigns CTable 
12. ID. 


Maso4,>d et al of Inland S^teel CIOD tested various refractory 
mater ials 1 r» the laboratory. Their data are presented in Table 12.2. 

I rt India some refractory manufacturers like GRIND, Tata 
Refractories Ltd, are making or trying to develop refractories for 
secondary steel making. Bose et al have discussed various refractory 
types and some of the grades Tata Refractories Ltd. are making C20D. 
According to them, the products are yet to be standardized in the 
country artd, iri general, improvements are required especially for VOD, 
AOD and MRF. 


Table 12.1 i Brick Type Coirqparison CRef.lO, p. 02D 

PROS CONS 


no preheat, ease of low life, 35 heats. 
Skull removal ,inex- silica pick up, poor 
pensive, no build up slag protection ,2 

bottom changes 

long life, 80 heats, preheat needed, 2 
no chemical pick up, bottom changes, 
good slag protec- build up , expensi ve , 

poor Skull removal 

long life,es heats, fair slag protection, 
ease of Skull remo- expensi ve, preheat 
val.no chemical pick needed 
up, no build up 


BRICK TYPE 
Fi reel ay 

High alumina 

Zi rcon 


al umi na 
and 


Ladle lining is a composite one. A common practice is to use nign 
In thi Attorn CPltch bonded dolomite ere elmo being employed^ 
mldel Ut: . re courses of mmgohrome or carbon-bonded magnemla at 



ih® slag lir»o, To r*duc* on welnKt 

capacity of lTi«^ r^ffraetory svst«m * ®xp®nse, and -the total heat 
provided, lT,e lining pattern of VAD^m lining is 

EXirgapiJf CBarua ei al , ref ao-^ < ladles at Alloy Steel Plant, 
iausiratlon. Table 12.3 CBose et J Fig- 12.11 as an 

ladle furnaces in some countries It I shows the lining for 

of ladle lining Is quite a speciaH.,l/f recognised that design 

for, which should take into consideration^^’ ^ zati on is called 

Ca> process requirements inr^,,r^^^ x , 

Cb) cost xnd .VXUxbillly ^ 

C c> lining life 

"nx# design would of course xx 

about, stirring leads to faster wear^^rS' talking 

aggravat.ed by presence of basic too sla« t 

is also blown raising oxygen consent AOD/VOD vessels, oxygen 

impingemertt spots. Their contact with n r S^rierating iron oxide at 
problem. contact with refractory poses an additional 


Cabove'a^; irol with high alumina refractory 

coLlLr ed ai^blst Srconia and alumina-graphite nozzles are 

gMdi !irf rr f P^^cus plugs are made of high alumina or magnesia 

Slide gate plates are typically made of alumina -graphite 
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Cbamlcal and physical propertias of refractories 

evaluated 


Refractory 



Rfsio- 

Tar 

V 

Direct 



Tar- 

C,h<ffU M ry 

Bonded 

Bonded 

Bonded 



Bonded 


Doloinlte 

Dolomite 

Mag-Chrome 

Zircon 

70% Alumina 

Magnesite 




iil 






0.4 

<1 

0.4 

11.1 

3.4 

70.0 

0.5 

SHI 

0.6 

<1,6 

0.6 
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33.4 

26.0 
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- 
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- 
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- 

- 
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- 
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Tahi*» Ic'.. I EK*nifil*R of refractory lining for secondary 
liteelmaking in some countriesCref . ao, p. 
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Fill. %i*,A » Sch»w*»tl-c diagram of inclusions 
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t itn t* I C«»“0"S IncluKion precipitation diagram 
for liquid Kteel at 1627*^C 



I a. 7 I Relatlv# slag erosion vs. MgO content 
for LD refractory lining C235 
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IS. 10 » Dissolved oxygen 
equilibrium with 



content in some steel melts at 
different oxides at 1600 C C26> 



Fig. IS. 11 I Lining patterns of VAIWOD ladles at 
ASP, Durgapwr, Barua et al CSOD 



